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1100
1105

Determine a flux in a first cell based on amount(s) of at least /
one material in at least the first cell

!

Determine average rate(s) of change of the amount(s) of f 1110
the material(s) in the first cell based on previous
amount(s) of the material(s) and a flux in the first cell

v

Determine updated amount(s) in the first cell for the
material(s) based on the average rate(s) of change

!

1120
Determine at least one move quantity /

v 1125
Adjust the updated amount(s) in the first cell /
by the move quantity (-ies)

v

1130
Determine a flux in a second cell based on amouni(s) of at least /
one material in at least the second cell

v

Determine average rate(s) of change of the amount(s) of / 1135
the material(s) in the second cell based on previous
amount(s) of the material(s) and a flux in the second cell

!

1140
Determine updated amount(s) in the second cell for the material(s) f
based on the average rate(s) of change in the second cell

v

1145
Adjust the updated amount(s) in the second cell f
by the move quantity (-ies)

v /1150

Determine a control action for a nuclear reactor

v /1155

Perform a control action for the nuclear reactor

v

1160
Transfer approximately the move quantity(-ies) of the material(s) /
to/from the first cell

1115

v

FIG. 11
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1200

1210

Transfer approximately the move quantity(-ies) f
of the material(s) from/to a second cell

FIG. 12

1305

Transfer approximately the move quantity(-ies) /
of material(s) to a second cell

v Va 1310
Determine second move quantity(-ies)

I /1315

Adjust amount(s) in the second cell by the second move quantity(-ies)

v

— 1320
Transfer approximately the second move quantity(-ies) /
of material(s) from the second cell {o a third cell

!

1325
Determine third move quantity(-ies) /

v /1330

Adjust amount(s) in the third cell by the third move quantity(-ies)

v

1335
Transfer approximately the third move quantity(-ies) f
of material(s) from the third cell to a fourth cell

!

1340
Determine fourth move quantity(-ies) f

v Ve 1345

Adjust amount(s) in the fourth cell by the fourth move quantity(-ies)

Y

1350
Transfer approximately the fourth move quantity(-ies) /
of material(s) from the fourth cell to a first cell

FIG. 13
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1405

1415
Adjust amount(s) in the second and third cells by /

— 1420
Transfer approximately the second move quantity(-ies) f

Determine a new average rate(s) of change of the amount(s) of
the material(s) in the first cell based on current
amount(s) of the material(s) and an updated flux in the first cell

1425
v

A 4

material(s) based on the new average rate(s) of change

y

/ 1435
Determine third move quantity (-ies)

y

by the third move quantity(-ies)

Y

from the second cell to the first cell

FIG. 14

1430
Determine new updated amount(s) in the first cell for the /

1440
Adjust amount(s) in the second and first cell /

1445
Transfer approximately the third move quantity (-ies) f
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505

Adjust amount(s) in the second cell by the second move quantity(-ies)

1515
v

!

of material(s) from the second cell

y

1520
Transfer approximately the second move quantity(-ies) /

the material(s) in the first cell based on current

amount(s} of the material(s) and an updated flux in the first cell

Determine new average rate(s) of change of the amount(s) of f 1525

y

Determine new updated amount(s) in the first cell for the
material(s) based on the new average rate(s) of change

1530
e

A 4

Determine an average rate(s) of change of the amount(s) of
the material(s) in the second cell based on current
amount(s) of the material(s) and a flux in the second cell

1535

|

based on the average rate of change in the second cell

Determine updated amount(s) in the second cell for the material(s)

e
/ 1540

A

1545
Determine third move quantity(-ies) f

v

Adjust amouni(s) in the first and second cells by the third move quantity(-ies)

1550
f

'

of material{s) from the second cell to the first cell

FIG. 15

1555
Transfer approximately the third move quantity(-ies) /
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1600
1605

Determine a flux in a first cell based on amouni(s) of at least /
one material in at feast the first cell

!

Determine average rate(s) of change of the amounti(s) of 1610
the material(s) in the first cell based on previous f
amount(s) of the material(s) and a flux in the first cell

7 /1615

Determine at teast one move rate for the materiai(s) in the first cell

v

: . ) 1620
Adjust the average rate(s) of change in the first cell based on the /
move rate(s) for the material(s) in the first cell

v 1625
Determine updated amount(s) in the first cell /
based on the adjusted average rate(s) of change

v

1630
Determine a flux in a second cell based on amount(s) of at least f
one material in at least the second cell

!

Determine average rate(s) of change of the amouni(s) of f 1635
the material(s) in the second cell based on previous
amount(s) of the material(s) and a flux in the second cell

v

1640
Adjust the average rate(s) of change in the second cell based on f
move rate(s) of at least one material

!

1645
Determine updated amount(s) in the second cell /
based on the adjusted average rate(s) of change

! Ve 1650

Determine a control action for a nuclear reactor

1 Y 1655

Perform a control action for the nuclear reactor

v

1660
Transfer the material(s) to/from the first cell at a transfer rate /
approximately equivalent to the move rate(s) of the materiai(s)

A4

FIG. 16
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1700
1705
Transfer material(s) from/to a second cell at the transfer rate(s) I
approximately equivalent to the move rate(s) of the materials
FIG. 17
1800
1805

Transfer material(s) to the second cell at transfer rate(s) f
approximately equivalent to the move rate(s) of the materials

v /1810

Determine a second (set of) move rate(s) for material(s) in the second cell

v

1815
Make further adjustment to average rate(s) of change in the second cell f
based on the second (set of) move rate(s) of the material(s).

v

1820
Transfer material(s) from the second cell to a third cell f
at approximately the second (set of) move rate(s)

v s 1825

Determine move rate(s) for material(s) in the third cell

v

Adjust average rate(s) of change for material(s) in the third cell f 1830
by the second (set of) move rates for the second cell and/or
the determined move rates of the third cell

v

1835
Transfer material(s) from the third cell to a fourth cell I
at approximately the determined move rate(s) of the third cell

3 Ya 1840

Determine move rate(s) for material(s) in the fourth cell

v

Adjust average rate(s) of change for material(s) in the fourth cell f 1845
by the determined move rate(s) of the third cell and/or
the determined move rates of the fourth cell

!

1850
Transfer material{s) from the fourth celt {o the first cell f
at approximately the determined move rates of the fourth cell

FIG. 18
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1905

Transfer material(s) to the second cell at transfer rate(s)

approximately equivalent to the move rate(s) of the materials

v

h 4

1910

Determine a second (set of) move rate(s) for material(s) of the second cell f

Y

Make further adjustment(s) to average rate(s) of change in the 1915
second cell and the average rate(s) of change in a third cell /
based on the second (set of) move rate(s) of the material(s)

A

to/from a third cell from/to the second cetl

Transfer material(s) at approximately the second (set of) move rate(s) f 1920

y

the material(s) in the first cell based on current

amount(s) of the material(s) and an updated flux in the first cell

Determine a new average rate(s) of change of the amount(s) of / 1925

h 4

Determine new updated amount(s) in the first cell for the
material(s) based on the new average rate(s) of change

1930
/

A 4

Determine a third (set of) move rate(s) for material(s) of the second cell

1935
va

N

Adjust average rate(s) of change of material(s) in the
first and second cells using the third (set of) move rate(s)

1940
v

!

from the second cell to the first cell

- - 1945
Transfer material(s) at approximately the third (set of) move rate(s) /

FIG. 19
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2005

Transfer material(s) to the second cell at transfer rate(s) /
approximately equivalent to the move rate(s) of the material(s)

v /2010
e

Determine a second (set of) move rate(s) for material(s} of the second cell

v

Make further adjustment(s) to average rate(s) of change in the second cell
based on the second (set of) move rate(s) of the material(s)

v

2020
Transfer material(s) at approximately the second (set of) move rate(s) _f
from the second cell

v

- 2025
Determine new average rate(s) of change of the amount(s) of f

the material(s) in the first cell based on current
amount(s) of the material(s} and an updated flux in the first cell

!

2030
Determine new updated amount(s) in the first cell for the /
material(s) based on the new average rate(s) of change

!

Determine new average rate(s) of change of the amount(s) of f 2035
the material(s) in the second cell based on current
amount(s) of the material(s) and a flux in the second cell

v

/ 2040
Determine a third (set of) move rate(s) for materials in the second cell

v

Adjust the average rate(s) of change of the amount(s) of material(s) f 2045
in the first cell based on the third (set of} move
rate(s) for materials in the second cell

v

Adjust the average rate(s) of change of the amount(s) / 2050
of material(s) in the second cell based on the third (set of)
move rate(s) for materials in the second cell

v

2055
Transfer material(s) at approximately the third (set of) move rate(s) /
from the second cell {o the first cell

2015

FIG. 20
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2105

Select neighbor(s) to a principal material in a first cell

-

h 4

2110

Determine proxy amount(s) of selected neighbor(s)

v

2115
/

Repeat 2105 and 2110 for plurality of principal materials in the first cell

v

Determine a summed proxy amount for each agent material

2120
f

v

) ) ) 2125
Determine a flux in the first cell based on the summed proxy f
amounts of each agent material in at least the first cell

‘

2130
Determine an updated amount of a material (principal or agent) based /
on the previous amount of the material and the flux in the first cell

v

f 2135
Determine a control action for a nuclear reactor

2140

Perform a control action for the nuclear reactor

FIG. 21

2200

2205

Identify a plurality of potential neighbors

-

\ 4

Select neighbor(s) from the plurality of potential neighbors

2210
v

FIG. 22
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ENHANCED NEUTRONICS SYSTEMS

If an Application Data Sheet (ADS) has been filed on the
filing date of this application, it is incorporated by reference
herein. Any applications claimed on the ADS for priority
under 35 U.S.C. §§119, 120, 121, or 365(c), and any and all
parent, grandparent, great-grandparent, etc. applications of
such applications, are also incorporated by reference, includ-
ing any priority claims made in those applications and any
material incorporated by reference, to the extent such subject
matter is not inconsistent herewith.

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is related to and/or claims the
benefit of the earliest available effective filing date(s) from
the following listed application(s) (the “Priority Applica-
tions”), if any, listed below (e.g., claims earliest available
priority dates for other than provisional patent applications or
claims benefits under 35 USC §119(e) for provisional patent
applications, for any and all parent, grandparent, great-grand-
parent, etc. applications of the Priority Application(s)). In
addition, the present application is related to the “Related
Applications,” if any, listed below.

PRIORITY APPLICATIONS

For purposes of the USPTO extra-statutory requirements,
the present application claims benefit of priority of U.S. Pro-
visional Patent Application No. 61/629,430, entitled
ENHANCED NEUTRONICS SYSTEMS, naming Jesse R.
Cheatham III, Robert C. Petroski, Nicholas W. Touran,
Charles Whitmer as inventors, filed 18, Nov., 2011, which
was filed within the twelve months preceding the filing date of
the present application or is an application of which a cur-
rently co-pending application is entitled to the benefit of the
filing date.

RELATED APPLICATIONS

None

The United States Patent Office (USPTO) has published a
notice to the effect that the USPTO’s computer programs
require that patent applicants reference both a serial number
and indicate whether an application is a continuation, con-
tinuation-in-part, or divisional of a parent application.
Stephen G. Kunin, Benefit of Prior-Filed Application,
USPTO Official Gazette Mar. 18, 2003. The USPTO further
has provided forms for the Application Data Sheet which
allow automatic loading of bibliographic data but which
require identification of each application as a continuation,
continuation-in-part, or divisional of a parent application.
The present Applicant Entity (hereinafter “Applicant”) has
provided above a specific reference to the application(s) from
which priority is being claimed as recited by statute. Appli-
cant understands that the statute is unambiguous in its specific
reference language and does not require either a serial number
or any characterization, such as “continuation” or “continu-
ation-in-part,” for claiming priority to U.S. patent applica-
tions. Notwithstanding the foregoing, Applicant understands
that the USPTO’s computer programs have certain data
entry requirements, and hence Applicant has provided desig-
nation(s) of a relationship between the present application
and its parent application(s) as set forth above and in any ADS
filed in this application, but expressly points out that such
designation(s) are not to be construed in any way as any type
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2

of commentary and/or admission as to whether or not the
present application contains any new matter in addition to the
matter of its parent application(s).

If the listings of applications provided above are inconsis-
tent with the listings provided via an ADS, it is the intent of
the Applicant to claim priority to each application that
appears in the Priority Applications section of the ADS and to
each application that appears in the Priority Applications
section of this application.

All subject matter of the Priority Applications and the
Related Applications and of any and all parent, grandparent,
great-grandparent, etc. applications of the Priority Applica-
tions and the Related Applications, including any priority
claims, is incorporated herein by reference to the extent such
subject matter is not inconsistent herewith.

BACKGROUND

The present application relates to nuclear fission reactors,
and systems, applications, and apparatuses related thereto.

SUMMARY

Ilustrative embodiments provide for operation of nuclear
fission reactors and interfaces therewith that include simula-
tion. [llustrative embodiments and aspects include, without
limitation, a nuclear reactor modeling interface and modeling
system configured to simulate operation of a variety of
nuclear fission reactors and reactor modules, including
modular nuclear fission reactors and reactor modules, nuclear
fission deflagration wave reactors and reactor modules,
modular nuclear fission deflagration wave reactors and mod-
ules, methods of operating nuclear reactors and modules
including the aforementioned, methods of simulating operat-
ing nuclear reactors and modules including the aforemen-
tioned, and the like.

The foregoing summary is illustrative only and is not
intended to be in any way limiting. In addition to the illustra-
tive aspects, embodiments, and features described above, fur-
ther aspects, embodiments, and features will become appar-
ent by reference to the drawings and the following detailed
description.

BRIEF DESCRIPTION OF THE FIGURES

The accompanying drawings, which are incorporated
herein and form part of the specification, illustrate the present
subject matter and, together with the description, further
serve to explain the principles of the claimed subject matter
and to enable a person skilled in the pertinent art to make and
use the claimed subject matter.

FIG. 1A schematically illustrates an exemplary nuclear
fission reactor;

FIG. 1B is a perspective view in schematic form of an
illustrative modular nuclear fission deflagration wave reactor;

FIG. 1C schematically illustrates exemplary fluid cooling;

FIGS. 2A and 2B schematically illustrate exemplary
nuclear fission fuel assemblies;

FIG. 3 schematically illustrates exemplary non-contiguous
nuclear fission fuel material;

FIG. 4 schematically illustrates an exemplary modular
nuclear fission fuel core;

FIG. 5A and FIG. 5B schematically illustrate exemplary
neutron affecting structures;

FIGS. 6A and 6B schematically illustrate exemplary
nuclear irradiation and movement of material;
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FIGS. 7A through 7C schematically illustrate exemplary
temperature control of nuclear reactivity;

FIGS. 8A through 8C schematically illustrate exemplary
cells and groups of cells;

FIG. 9 illustrates an exemplary fission yield curve;

FIG. 10 schematically illustrates an exemplary reactor con-
trol system; and

FIGS. 11-22 are flowcharts of illustrative methods associ-
ated for simulating and/or controlling nuclear reactors.

FIG. 23 schematically illustrates a nuclear reactor model-
ing system.

FIG. 24 A schematically illustrates a class structure of an
exemplary modeling interface.

FIG. 24B schematically illustrates an exemplary assembly
structure.

FIG. 24C schematically illustrates an exemplary block
structure.

FIG. 25 illustrates an exemplary input modeling data file.

FIG. 26 illustrates an exemplary input graphical user inter-
face.

FIG. 27 illustrates an exemplary output graphical user
interface.

FIGS. 28 and 29 illustrate exemplary methods.

The disclosed embodiments will now be described with
reference to the accompanying drawings. In the drawings,
like reference numbers may indicate identical or similar ele-
ments. Additionally, the left-most digit(s) of a reference num-
ber may identify the drawing in which the reference number
first appears.

DETAILED DESCRIPTION

Introduction

In the following detailed description, reference is made to
the accompanying drawings, which form a part hereof. In the
drawings, generally similar symbols identify similar compo-
nents, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, drawings,
and claims are not meant to be limiting. Other embodiments
may be utilized, and other changes may be made, without
departing from the spirit or scope of the subject matter pre-
sented here.

It is to be appreciated that the Detailed Description section,
and not the Summary and Abstract sections, is intended to be
used to interpret the claims. The Summary and Abstract sec-
tions may set forth one or more but not all exemplary embodi-
ments and, thus, are not intended to limit the claimed subject
matter and the appended claims in any way.

While specific configurations and arrangements are dis-
cussed, it should be understood that this is done for illustrative
purposes only. A person skilled in the pertinent art will rec-
ognize that other configurations and arrangements can be
used without departing from the spirit and scope of the
claimed subject matter. It will be apparent to a person skilled
in the pertinent art that the claimed subject matter can also be
used in a variety of other applications. The scope of the
claimed subject matter is not limited to the disclosed embodi-
ments. The claimed subject matter is defined by the claims
appended hereto.

References to “one embodiment,” “an embodiment,” “this
embodiment,” “an example embodiment,” etc., indicate that
the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment might not
necessarily include the particular feature, structure or char-
acteristic. Moreover, such phrases are not necessarily refer-
ring to the same embodiment. Further, when a particular
feature, structure, or characteristic is described in connection
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with an embodiment, it is understood that it is within the
knowledge of one skilled in the art to effect such a feature,
structure, or characteristic in connection with other embodi-
ments whether or not explicitly described.

In some instances, one or more components may be
referred to herein as “configured to,” “configurable to,” “oper-
able/operative to,” “adapted/adaptable,” “able to,” “conform-
able/conformed to,” etc. Those skilled in the art will recog-
nize that such terms (e.g. “configured to”) can generally
encompass active-state components and/or inactive-state
components and/or standby-state components, unless context
requires otherwise.

Those having skill in the art will recognize that the state of
the art has progressed to the point where there is little distinc-
tion left between hardware, software, and/or firmware imple-
mentations of aspects of systems; the use of hardware, soft-
ware, and/or firmware is generally (but not always, in that in
certain contexts the choice between hardware and software
can become significant) a design choice representing cost vs.
efficiency tradeoffs. Those having skill in the art will appre-
ciate that there are various vehicles by which processes and/or
systems and/or other technologies described herein can be
effected (e.g., hardware, software, and/or firmware), and that
the preferred vehicle will vary with the context in which the
processes and/or systems and/or other technologies are
deployed. For example, if an implementer determines that
speed and accuracy are paramount, the implementer may opt
for a mainly hardware and/or firmware vehicle; alternatively,
if flexibility is paramount, the implementer may opt for a
mainly software implementation; or, yet again alternatively,
the implementer may opt for some combination of hardware,
software, and/or firmware. Hence, there are several possible
vehicles by which the processes and/or devices and/or other
technologies described herein may be effected, none of which
is inherently superior to the other in that any vehicle to be
utilized is a choice dependent upon the context in which the
vehicle will be deployed and the specific concerns (e.g.,
speed, flexibility, or predictability) of the implementer, any of
which may vary. Those skilled in the art will recognize that
optical aspects of implementations will typically employ
optically-oriented hardware, software, and or firmware.

The foregoing detailed description has set forth various
embodiments of devices and/or processes via the use of block
diagrams, flowcharts, and/or examples. Insofar as such block
diagrams, flowcharts, and/or examples contain one or more
functions and/or operations, it will be understood by those
within the art that each function and/or operation within such
block diagrams, flowcharts, or examples can be implemented,
individually and/or collectively, by a wide range of hardware,
software, firmware, or virtually any combination thereof. In
an embodiment, several portions of the subject matter
described herein may be implemented via Application Spe-
cific Integrated Circuits (ASICs), Field Programmable Gate
Arrays (FPGAs), digital signal processors (DSPs), or other
integrated formats. However, those skilled in the art will
recognize that some aspects of the embodiments disclosed
herein, in whole or in part, can be equivalently implemented
in integrated circuits, as one or more computer programs
running on one or more computers (e.g., as one or more
programs running on one or more computer systems), as one
Or more programs running on one or more processors (e.g., as
one or more programs running on one or more Microproces-
sors), as firmware, or as virtually any combination thereof,
and that designing the circuitry and/or writing the code for the
software and or firmware would be well within the skill of one
of'skill in the art in light of this disclosure. In addition, those
skilled in the art will appreciate that the mechanisms of the
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subject matter described herein are capable of being distrib-
uted as a program product in a variety of forms, and that an
illustrative embodiment of the subject matter described
herein applies regardless of the particular type of signal bear-
ing medium used to actually carry out the distribution.
Examples of a signal bearing medium include, but are not
limited to, the following: a recordable type medium such as a
floppy disk, a hard disk drive, a Compact Disc (CD), a Digital
Video Disk (DVD), a digital tape, a computer memory, etc.;
and a transmission type medium such as a digital and/or an
analog communication medium (e.g., a fiber optic cable, a
waveguide, a wired communications link, a wireless commu-
nication link (e.g., transmitter, receiver, transmission logic,
reception logic, etc.), etc.).

By way of overview, illustrative embodiments provide
nuclear fission reactors, and apparatuses and methods for
their operation and simulation. Illustrative embodiments and
aspects include, without limitation, nuclear fission reactors
and reactor modules, including modular nuclear fission reac-
tors and reactor modules, nuclear fission deflagration wave
reactors and reactor modules, modular nuclear fission defla-
gration wave reactors and modules, methods of operating
nuclear reactors and modules including the aforementioned,
methods of simulating operating nuclear reactors and mod-
ules including the aforementioned, and the like.

Still by way of overview and referring to FIG. 1A, an
illustrative nuclear fission reactor 10 will be discussed by way
of illustration and not limitation. Nuclear fission reactor 10
may be, but is not limited to, a fission deflagration wave
reactor. The reactor 10 suitably includes a nuclear reactor
core 100 disposed within a reactor vessel 12 and a reactor
coolant system having one or more reactor coolant loops 14.

A reactor may be a modular design including one or more
nuclear reactor modules—see, e.g., an exemplary modular
reactor 50 illustrated in F1G. 1B. Each reactor module 12 may
be operatively coupled in fluid communication to at least one
heat sink 58 via a reactor coolant system 56. Thus, each of the
nuclear reactor modules may be considered a complete,
stand-alone nuclear reactor system by itself. A nuclear reactor
module may be neutronically coupled to at least one other
adjacent reactor module. Thus, adjacent nuclear reactor mod-
ules can be neutronically integrated yet physically separate
from each other.

In order to provide an understanding of the control and
simulation of reactors such as reactor 10 and reactor 50,
illustrative core nucleonics, given by way of non-limiting
examples, will be set forth first. While many reactor embodi-
ments are contemplated, several of these non-limiting
examples are illustrated in U.S. patent application Ser. No.
12/069,907 entitted MODULAR NUCLEAR FISSION
REACTOR, naming AHLFELD, CHARLES E., GILLE-
LAND, JOHN ROGERS, HYDE, RODERICK A., ISH-
IKAWA, MURIEL Y., MCALEES, DAVID G., MYHR-
VOLD, NATHAN P., WHITMER, CHARLES, and WOOD,
LOWELL L. as inventors, filed 12 Feb. 2008, U.S. patent
application Ser. No. 11/605,943, entitled AUTOMATED
NUCLEAR POWER REACTOR FOR LONG-TERM
OPERATION, naming RODERICK A. HYDE, MURIEL Y.
ISHIKAWA, NATHAN P. MYHRVOLD, AND LOWELL L.
WOOD, JR. as inventors, filed 28 Nov. 2006, U.S. patent
application Ser. No. 11/605,848, entitled METHOD AND
SYSTEM FOR PROVIDING FUEL IN A NUCLEAR
REACTOR, naming RODERICK A. HYDE, MURIEL Y.
ISHIKAWA, NATHAN P. MYHRVOLD, AND LOWELL L.
WOOD, JR. as inventors, filed 28 Nov. 2006, and U.S. patent
application Ser. No. 11/605,933, entitled CONTROLLABLE
LONG TERM OPERATION OF A NUCLEAR REACTOR,
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naming RODERICK A. HYDE, MURIEL Y. ISHIKAWA,
NATHAN P. MYHRVOLD, AND LOWELL L. WOOD, JR.
as inventors, filed 28 Nov. 2006, the entire contents of which
are hereby incorporated by reference in their entireties. Then,
details will be set forth regarding several illustrative embodi-
ments and aspects of reactors.

Considerations

Before discussing details of the reactors such as reactor 10
and reactor 50, some considerations behind reactor embodi-
ments will be given by way of overview but are not to be
interpreted as limitations. Some reactor embodiments
address many of the considerations discussed below. On the
other hand, some other reactor embodiments may address one
or a select few of these considerations, and need not accom-
modate all of the considerations discussed below.

Certain of the nuclear fission fuels envisioned for use in
reactor embodiments are typically widely available, such as
without limitation uranium (natural, depleted, or enriched),
thorium, plutonium, or even previously-burned nuclear fis-
sion fuel assemblies. Other, less widely available nuclear
fission fuels, such as without limitation other actinide ele-
ments or isotopes thereof may be used in embodiments of the
reactor. While some reactor embodiments contemplate long-
term operation at full power, or some portion thereof, on the
order of around %5 century to around % century or longer, an
aspect of some reactor embodiments does not contemplate
nuclear refueling. Other reactor embodiments contemplate
nuclear refueling, however. In some cases, embodiments may
contemplate burial in-place at end-of-life. Nuclear refueling
may occur during shutdown periods and/or operation at
power. It is also contemplated that nuclear fission fuel repro-
cessing may be avoided in some cases, thereby mitigating
possibilities for diversion to military uses and other issues.

Some reactor embodiments may be sited underground,
thereby addressing large, abrupt releases and small, steady-
state releases of radioactivity into the biosphere. Some
embodiments may entail minimizing operator controls,
thereby automating those embodiments as much as practi-
cable. In some embodiments, a life-cycle-oriented design is
contemplated, wherein those embodiments can operate from
startup to shutdown at end-of-life. In some life-cycle oriented
designs, the embodiments may operate in a substantially
fully-automatic manner. Some embodiments lend themselves
to modularized construction. Finally, some embodiments
may be designed according to high power density or to
selected power densities corresponding to a variety of design
considerations, such as burn-up criteria, power demand, neu-
tronic flux considerations, and other parameters.

During operation, the materials (e.g., elements and iso-
topes of elements) in a reactor, especially a reactor core
region, change over time. For example, fuel atoms fission into
fission products. Atoms of fuel, structural materials, neutron
absorbing materials (fission product poisons or neutron
absorbing materials intentionally inserted into the reactor),
and so forth may absorb neutrons and become other isotopes
or elements. These changes may be accounted for by design
and reactor control in both the short term and the long term.
An ability to move materials throughout the core may
increase a reactor’s effective lifetime.

Some features of various reactor embodiments result from
some of the above considerations. For example, simulta-
neously accommodating desires to achieve %3-Y% century (or
longer) of operations at full power without shutdown for
nuclear refueling and to avoid nuclear fission fuel reprocess-
ing may entail use of a fast neutron spectrum. As another
example, in some embodiments a negative temperature coef-
ficient of reactivity (aT) is engineered-in to the reactor, such
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as vianegative feedback on local reactivity implemented with
strong absorbers of neutrons or other approaches to reactivity
control. In the alternative or in addition, some embodiments
are configured to control the fission process in whole or in part
by achieving a spectral shift in a neutron flux using spectral
control methods such as displacing and/or inserting a neutron
moderator for some time period. As a further example, in
some modular deflagration wave embodiments, a distributed
thermostat enables a propagating nuclear fission deflagration
wave mode of nuclear fission fuel burn. This mode simulta-
neously permits a high average burn-up of non-enriched
actinide fuels, such as natural uranium or thorium, and use of
a comparatively small “nuclear fission igniter” region of
moderate isotopic enrichment of nuclear fissionable materials
in the core’s fuel charge. As another example, in some
embodiments, multiple redundancy is provided in primary
and secondary core cooling.

Exemplary Embodiments of Nuclear Fission Reactors

Now that some of the considerations behind some of the
reactor embodiments have been set forth, further details
regarding an exemplary embodiment of nuclear fission reac-
tors will be explained. This information is provided to
enhance the understanding of the considerations taken into
account when modeling and simulaitng nuclear reactor per-
formance. It is emphasized that the following description of
exemplary nuclear reactor embodiments is given by way of
non-limiting examples only and not by way of limitation. As
mentioned above, several embodiments of nuclear reactors
and their simulation are contemplated, as well as further
aspects of reactor 10. After details regarding an exemplary
embodiment of reactor 10 are discussed, other embodiments
and aspects will also be discussed.

Still referring to FIG. 1A, an exemplary embodiment of
reactor 10 includes a reactor core assembly 100 that is dis-
posed within a reactor pressure vessel 12. Several embodi-
ments and aspects of reactor core assembly 100 are contem-
plated that will be discussed later. Some of the features that
will be discussed later in detail include nuclear fission fuel
materials and their respective nucleonics, fuel assemblies,
fuel geometries, and the operation and simulation of reactor
core assembly 100 in a complete reactor system.

The reactor pressure vessel 12 suitably is any acceptable
pressure vessel known in the art and may be made from any
appropriate form of materials acceptable for use in reactor
pressure vessels, such as without limitation stainless steel.
Within the reactor pressure vessel 12, a neutron reflector (not
shown) and a radiation shield (not shown) surround reactor
core assembly 100. In some embodiments, the reactor pres-
sure vessel 12 is sited underground. In such cases, the reactor
pressure vessel 12 can also function as a burial cask for
reactor core assembly 100. In these embodiments, the reactor
pressure vessel 12 suitably is surrounded by a region (not
shown) of isolation material, such as dry sand, for long-term
environmental isolation. The region (not shown) of isolation
material may have a size of around 100 meters in diameter or
so. However, in other embodiments, the reactor pressure ves-
sel 12 is sited on or toward the Earth’s surface.

Reactor coolant loops 14 transfer heat from nuclear fission
in reactor core assembly 100 to application heat exchangers
16. The reactor coolant may be selected as desired for a
particular application. In some embodiments, the reactor
coolant suitably is helium (He) gas. In other embodiments,
the reactor coolant suitably may be other pressurized inert
gases, such as neon, argon, krypton, xenon, or other fluids
such as water or gaseous or superfluidic carbon dioxide, or
liquid metals, such as sodium or lead, or metal alloys, such as
Pb—Bi, or organic coolants, such as polyphenyls, or fluoro-
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carbons. The reactor coolant loops suitably may be made
from tantalum (Ta), tungsten (W), aluminum (Al), steel or
other ferrous or non-iron groups alloys or titanium or zirco-
nium-based alloys, or from other metals and alloys, or from
other structural materials or composites, as desired.

In some embodiments, the application heat exchangers 16
may be steam generators that generate steam that is provided
as a prime mover for rotating machinery, such as electrical
turbine-generators 18 within an electrical generating station
20. In such a case, reactor core assembly 100 suitably oper-
ates at a high operating pressure and temperature, such as
above 1,000K or so and the steam generated in the steam
generator may be superheated steam. In other embodiments,
the application heat exchanger 16 may be any steam generator
that generates steam at lower pressures and temperatures (that
is, need not be superheated steam) and reactor core assembly
100 operates at temperatures less than around 550K. In these
cases, the application heat exchangers 16 may provide pro-
cess heat for applications such as desalination plants for sea-
water or for processing biomass by distillation into ethanol, or
the like.

Optional reactor coolant pumps 22 circulate reactor cool-
ant through reactor core assembly 100 and the application
heat exchangers 16. Note that although the illustrative
embodiment shows pumps and gravitationally driven circu-
lation, other approaches may not utilize pumps, or circulatory
structures or be otherwise similarly geometrically limited.
The reactor coolant pumps 22 suitably may be provided when
reactor core assembly 100 is sited approximately vertically
coplanar with the application heat exchangers 16, such that
thermal driving head is not generated. The reactor coolant
pumps 22 may also be provided when reactor core assembly
100 is sited underground. However, when reactor core assem-
bly 100 is sited underground or in any fashion so reactor core
assembly 100 is vertically spaced below the application heat
exchangers 16, thermal driving head may be developed
between the reactor coolant exiting the reactor pressure vessel
12 and the reactor coolant exiting the application heat
exchangers 16 at a lower temperature than the reactor coolant
exiting the reactor pressure vessel 12. When sufficient ther-
mal driving head exists, reactor coolant pumps 22 need not be
provided to provide sufficient circulation of reactor coolant
through reactor core assembly 100 to remove heat from fis-
sion during operation at power.

In some embodiments more than one reactor coolant loop
14 may be provided, thereby providing redundancy in the
event of a casualty, such as aloss of coolant accident, a loss of
flow accident, a primary-to-secondary leak or the like, to any
one of the other reactor coolant loops 14. Each reactor coolant
loop 14 may be rated for full-power operation, though some
applications may remove this constraint.

In some embodiments, closures 24, such as reactor coolant
shutoff valves, are provided in lines of the reactor coolant
system 14. In each reactor coolant loop 14, a closure 24 may
be provided in an outlet line from the reactor pressure vessel
12 and in a return line to the reactor pressure vessel 12 from
an outlet of the application heat exchanger 16. Closures 24
may be fast-acting closures that shut quickly under emer-
gency conditions, such as detection of significant fission-
product entrainment in reactor coolant. Closures 24 may be
provided in addition to a redundant system of automatically-
actuated valves (not shown).

One or more heat-dump heat exchangers 26 are provided
for removal of after-life heat (decay heat). Heat-dump heat
exchanger 26 includes a primary loop that is configured to
circulate decay heat removal coolant through reactor core
assembly 100. Heat-dump heat exchanger 26 includes a sec-
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ondary loop that is coupled to an engineered heat-dump heat
pipe network (not shown). In some situations, for example,
for redundancy purposes, more than one heat-dump heat
exchanger 26 may be provided. Heat-dump heat exchanger
26 may be sited at a vertical distance above reactor core
assembly 100 so sufficient thermal driving head is provided to
enable natural flow of decay heat removal coolant without
need for decay heat removal coolant pumps. However, in
some embodiments decay heat removal pumps (not shown)
may be provided. Reactor coolant pumps may be used for
decay heat removal, where appropriate.

Now that an overview of an exemplary embodiment of the
reactor 10 has been given, other embodiments and aspects
will be discussed. First, embodiments and aspects of reactor
core assembly 100 will be discussed. An overview of reactor
core assembly 100 and its nucleonics will be set forth first,
followed by descriptions of exemplary embodiments and
other aspects of reactor core assembly 100. Again, this infor-
mation enhances the understanding and considerations taken
into account when modeling or simulating nuclear reactor
performance.

Given by way of overview and in general terms, structural
components of reactor core assembly 100 may be made of
tantalum (Ta), tungsten (W), rhenium (Re), various alloys
including but not limited to steels such as martensitic stainless
steels (e.g., HT9), austenitic stainless steels (e.g., Type 316),
or carbon composite, ceramics, or the like. These materials
are suitable because of the high temperatures at which reactor
core assembly 100 operates, and because of their creep resis-
tance over the envisioned lifetime of full power operation,
mechanical workability, and corrosion resistance. Structural
components can be made from single materials, or from com-
binations of materials (e.g., coatings, alloys, multilayers,
composites, and the like). In some embodiments, reactor core
assembly 100 operates at sufficiently lower temperatures so
that other materials, such as aluminum (Al), steel, titanium
(Ti) or the like can be used, alone or in combinations, for
structural components.

In deflagration wave embodiments, reactor core assembly
100 may include a small nuclear fission igniter and a larger
nuclear fission deflagration burn-wave-propagating region.
The nuclear fission deflagration burn-wave-propagating
region suitably contains thorium or uranium fuel, and func-
tions on the general principle of fast neutron spectrum fission
breeding. In some deflagration wave embodiments, uniform
temperature throughout reactor core assembly 100 is main-
tained by thermostating modules which regulate local neu-
tron flux and thereby control local power production. Some
example deflagration wave embodiments are further dis-
cussed in the aforementioned U.S. patent application Ser. No.
11/605,933, entitted CONTROLLABLE LONG TERM
OPERATION OF A NUCLEAR REACTOR (“the ’933
application”), which is herein incorporated by reference in its
entirety.

Nuclear reactors may be modular. Referring now to FIG.
1B, an illustrative modular reactor 50 is shown. It is empha-
sized that the following description of an exemplary embodi-
ment of reactor 50 is given by way of non-limiting example
only and not by way of limitation. As mentioned above,
several embodiments of reactors such as reactors 10 and 50,
are contemplated, as well as further aspects of reactors. Fea-
tures illustrated in reactors 10 and 50 may be implemented
separately or in any suitable combination. After details
regarding an exemplary embodiment of reactor 50 are dis-
cussed, other embodiments and aspects will also be dis-
cussed.
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Modular reactor 50 is shown by way of illustration and
does not limit modular reactors to a toroidal arrangement or
any other arrangement of reactor modules 52. It will be under-
stood that no limitation to such a geometric arrangement or to
any geometric arrangement of any type whatsoever is
intended. To that end, additional arrangements of reactor
modules 52 will be discussed further below. In the interest of
brevity, the description of additional arrangements of reactor
modules 52 is limited to those illustrated herein. However, it
will be appreciated that reactor modules 52 may be arranged
in any manner whatsoever as desired and may accommodates
neutronic coupling of adjacent nuclear fission deflagration
wave reactor modules 52.

As discussed above, the exemplary modular reactor 50
suitably includes reactor modules 52. Each reactor module 52
may suitably include a reactor core 54 and a reactor coolant
system 56. Each nuclear fission deflagration wave reactor
module 52 may be operatively coupled in fluid communica-
tion to at least one heat sink 58 via one or more associated
reactor coolant systems 56. That is, each reactor modules 52
suitably may be considered a complete, stand-alone nuclear
reactor by itself. A reactor module 52 may be neutronically
coupled to at least one adjacent reactor module 52. While
many embodiments of the modular reactor 50 are contem-
plated, a common feature among many contemplated
embodiments of modular reactor 50 is neutronic coupling of
adjacent reactor modules 52 via origination of a nuclear fis-
sion deflagration wave, or “burnfront” as further discussed in
the aforementioned U.S. patent application Ser. No. 12/069,
907 entitled MODULAR NUCLEAR FISSION REACTOR
(the *907 application™), which is herein incorporated by ref-
erence in its entirety.

Referring now to FIG. 1C, heat energy can be extracted
from a nuclear fission reactor core according to another
embodiment. In a nuclear fission reactor 110, nuclear fission
occurs in a heat generating region 120 (e.g., throughout the
fuel-bearing core or propagated in a burning wavefront, for
example). Heat absorbing material 160, such as a condensed
phase density fluid (e.g., water, liquid metals, terphenyls,
polyphenyls, fluorocarbons, FLIBE (2LiF—BeF,) and the
like) flows through the region 120 as indicated by an arrow
150, and heat is transferred from the heat generating region
120 to heat absorbing material 160. In some embodiments,
e.g., fast fission spectrum nuclear reactors, heat absorbing
material 160 is chosen to be a nuclear inert material (such as
He4) so as to minimally perturb the neutron spectrum. In
other embodiments of nuclear fission reactor 110, the neutron
content is sufficiently robust, so that a non-nuclear-inert heat
absorbing material 160 may be acceptably utilized. Heat
absorbing material 160 flows (e.g., by natural convection or
by forced movement) to a heat extraction region 130 that is
substantially out of thermal contact with heat generating
region 120. Heat energy 140 is extracted from heat absorbing
material 160 at heat extraction region 130. Heat absorbing
material 110 can reside in either a liquid state, a multiphase
state, or a substantially gaseous state upon extraction of the
heat energy 140 in the heat extraction region 130.
Exemplary Movements of Nuclear Reactor Materials

Fuel materials include not only fuel materials, but also
structural materials (e.g., cladding). Referring now to FIG.
2A, a reactor 200, which may include any type of fission
reactor including those described elsewhere herein, may
include nuclear fission fuel assemblies 210 disposed therein.
The following discussion includes details of exemplary
nuclear fission fuel assemblies 210 that may be used in reactor
200. Referring now to FIG. 2B and given by way of non-
limiting example, in an embodiment the nuclear fission fuel
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assembly 210 suitably includes a nuclear fission fuel assem-
bly 220. In an embodiment, nuclear fission fuel assembly 220
has been “previously burnt”” The term “previously burnt”
means that at least some components of the nuclear fission
fuel assembly have undergone neutron-mediated nuclear fis-
sion and that the isotopic composition of the nuclear fission
fuel has been modified. That is, the nuclear fission fuel assem-
bly has been put in a neutron spectrum or flux (either fast or
slow), at least some components have undergone neutron-
mediated nuclear fission and, as result, the isotopic compo-
sition of the nuclear fission fuel has been changed. Thus, a
previously burnt nuclear fission fuel assembly 220 may have
been previously burnt in any reactor including reactor 200,
such as without limitation a light water reactor. Previously
burnt fission fuel (e.g., in a previously burnt nuclear fission
fuel assembly 220) may be chemically untreated subsequent
to its previous burning.

It is intended that nuclear fission fuel assembly 220 can
include without limitation any type of nuclear fissionable
material whatsoever appropriate for undergoing fission in a
nuclear fission reactor, such as actinide or transuranic ele-
ments like natural thorium, natural uranium, enriched ura-
nium, or the like. Nuclear fission fuel assembly 220 is clad
with cladding 224. If nuclear fission fuel assembly has been
previously burnt, the cladding 224 may be the “original”
cladding in which the nuclear fission fuel assembly 220 was
clad before it was burnt. In some other embodiments, a pre-
viously burnt nuclear fission fuel assembly 220 may not be
clad with “original” cladding 224. For example, a previously
burnt nuclear fission fuel assembly 220 may be retained in its
original cladding 224, and a new cladding (not shown) may be
disposed around an exterior of cladding 224. In some embodi-
ments, the new cladding is made up of cladding sections (not
shown) that are configured to help accommodate swelling
into the void spaces. In other embodiments, the new cladding
may be provided as a barrier, such as a tube, provided between
an exterior of the cladding 224 and reactor coolant (not
shown).

Referring now to FIG. 3, an exemplary nuclear fission fuel
structure 300 includes non-contiguous segments 320 of
nuclear fission fuel material. Non-contiguous segments 320
may be in “neutronic” contact without being in physical con-
tact. Nuclear fission fuel structure 300 may also include an
optional nuclear fission igniter 310. As described in the afore-
mentioned *933 application, nuclear fission igniter 310 may
be used in deflagration propagating wave-type nuclear reac-
tors.

Referring now to FIG. 4, a modular nuclear fission fuel
core 400 may include an optional neutron reflector/radiation
shield 410 and modular assemblies 420. Modular assemblies
420 may be modular fuel assemblies having some fuel mate-
rial content. Modular assemblies may also be modular neu-
tron absorbing assemblies (having some neutron absorbing
material content), modular structural assemblies (serving a
primarily structural purpose), modular payload assemblies
(designed to carry a payload of, for example, a material to be
subjected to a neutron flux), modular blank assemblies (serv-
ing as a mere placeholder, for example, to reduce the nucle-
onic, flow, structural, and thermal perturbations induced by a
void or void filled with coolant and/or moderator), or any
combination of the above.

Modular assemblies 420 are placed as desired within the
assembly receptacles 430. Modular nuclear fission fuel core
400 may be operated in any number of ways. For example, all
of'the assembly receptacles 430 in the modular nuclear fission
fuel core 400 may be fully populated with modular fuel
assemblies 420 prior to initial operation. For example, in
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deflagration propagating wave-type nuclear reactor embodi-
ments, prior to initial operation means prior to origination and
propagation of a nuclear fission deflagration propagating
wave burnfront within and through the modular fuel assem-
blies 420. In other reactor embodiments, prior to initial opera-
tion means prior to initial criticality or prior to a modular
nuclear fission fuel core being exposed to a neutron flux.

As another example, modular assemblies 420 may be
removed from their respective assembly receptacles 430 and
replaced with other modular assemblies 440 (of the same or
different type), as desired; this emplacement is indicated by
the arrow 444. For example, “burnt” fuel assemblies may be
replaced with “unburnt” fuel assemblies, neutron absorbing
assemblies may be replaced with fuel assemblies, and so
forth. The other modular nuclear assemblies 440 may be
unused or may have previously been used. For example, in
deflagration propagating wave-type nuclear reactor embodi-
ments, modular fission fuel assemblies 420 may be removed
and replaced with other modular nuclear fission fuel assem-
blies 440 after a nuclear fission deflagration wave burnfront
has completely propagated through modular nuclear fission
fuel assemblies 420. In other embodiments, modular assem-
blies 420 may be removed and replaced with other modular
assemblies 440 for any reason (e.g., testing or experimental
uses, redistribution of fuel or neutron absorbing materials,
etc.). Such replacement strategies may be used to extend
operation of modular nuclear fission fuel core 400 as desired.

As another example, the modular nuclear fission fuel core
400 need not be fully populated with modular assemblies 420
prior to initial operation. For example, less than all of the
assembly receptacles 430 can be populated with modular
assemblies 420. In such a case, the number of modular fuel
assemblies that are placed within the modular nuclear fission
fuel core 400 can be determined based upon many reasons,
such as a number of modular fuel assemblies that are avail-
able, power demand (e.g., electrical loading in watts), that
will be ultimately be placed upon the modular nuclear fission
fuel core 400, etc. Thus, continued or extended operation of
the modular nuclear fission fuel core 400 can be enabled
without initially fueling the entire modular nuclear fission
fuel core 400 with modular fuel assemblies.

It will be appreciated that the concept of modularity can be
extended. For example, in other embodiments, a modular
nuclear fission reactor can be populated with any number of
nuclear fission reactor cores in the same manner that the
modular nuclear fission fuel core 400 can be populated with
any number of modular assemblies 420. To that end, the
modular nuclear fission reactor can be analogized to the
modular nuclear fission fuel core 400 and nuclear fission
reactor cores can be analogized to the modular nuclear fission
fuel assemblies 420. The several contemplated modes of
operation discussed above for the modular nuclear fission fuel
core 400 thus apply by analogy to a modular nuclear fission
reactor.

Core materials not in a modular assembly may also be
moved in a reactor core. It is well known in the art to control
reactivity (and thus core average temperature in an operating
reactor having a negative coefficient of reactivity) using con-
trol rods or other devices. In addition, other neutron modify-
ing structures are contemplated in embodiments. For
example, referring now to FIGS. 5A and 5B, neutron modi-
fying structures 530 can position neutron modifying (e.g.,
absorbing, reflecting, moderating, etc.) substances in a reac-
tor 500, including a propagating burnfront nuclear fission
reactor 550, for a variety of purposes. In an embodiment,
neutron modifying structures 530 insert neutron absorbers,
such as without limitation Li-6, B-10, or Gd, into nuclear
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fission fuel. In another embodiment, neutron modifying
structures 530 insert neutron moderators, such as without
limitation hydrocarbons or Li-7, thereby modifying the neu-
tron energy spectrum, and thereby changing the neutronic
reactivity of nuclear fission fuel in the local region.

In some situations in a reactor 500 (including a propagating
burnfront nuclear fission reactor 550) an effect of the neutron
moderators is associated with detailed changes in the neutron
energy spectrum (e.g., hitting or missing cross-section reso-
nances), while in other cases the effects are associated with
lowering the mean neutron energy of the neutron environment
(e.g., downshifting from “fast” neutron energies to epither-
mal or thermal neutron energies). In yet other situations, an
effect of the neutron moderators is to deflect neutrons to or
away from selected locations. In some embodiments, one of
the aforementioned effects of neutron moderators is of pri-
mary importance, while in other embodiments, multiple
effects are of comparable or lesser design significance. In
another embodiment, neutron modifying structures 530 con-
tain both neutron absorbers and neutron moderators; in one
nonlimiting example, the location of neutron absorbing mate-
rial relative to that of neutron moderating material is changed
to affect control (e.g., by masking or unmasking absorbers, or
by spectral-shifting to increase or decrease the absorption of
absorbers), in another nonlimiting example, control is
affected by changing the amounts of neutron absorbing mate-
rial and/or neutron moderating material.

In embodiments such as propagating burnfront nuclear
fission reactor 550, a nuclear fission deflagration wave burn-
front can be driven into areas of nuclear fission fuel as desired,
thereby enabling a variable nuclear fission fuel burn-up. In
propagating burnfront nuclear fission reactor 550, a nuclear
fission deflagration wave burnfront 510 is initiated and propa-
gated. Neutron modifying structures 530 can direct or move
the burnfront 510 in directions indicated by arrows 520. In an
embodiment, neutron modifying structures 530 insert neu-
tron absorbers behind burnfront 510, thereby driving down or
lowering neutronic reactivity of fuel that is presently being
burned by burnfront 510 relative to neutronic reactivity of
fuel ahead of burnfront 510, thereby speeding up the propa-
gation rate of the nuclear fission deflagration wave. In another
embodiment, neutron modifying structures 530 insert neu-
tron absorbers into nuclear fission fuel ahead of burnfront
510, thereby slowing down the propagation of the nuclear
fission deflagration wave. In other embodiments, neutron
modifying structures 530 insert neutron absorbers into
nuclear fission fuel within or to the side of the burnfront 510,
thereby changing the effective size of the burnfront 510. In
another embodiment, neutron modifying structures 530 insert
neutron moderators, thereby modifying the neutron energy
spectrum, and thereby changing the neutronic reactivity of
nuclear fission fuel that is presently being burned by the
burnfront 510 relative to neutronic reactivity of nuclear fis-
sion fuel ahead of or behind the burnfront 510.

Thus, local neutronic reactivity in reactor 500, and burn-
front 510 in propagating burnfront nuclear fission reactor
550, can be directed as desired according to selected local
reaction rate or propagation parameters. For example, local
reaction rate parameters can include fission rate, a heat gen-
eration density, cross-section dimensions of power density, or
the like. In burnfront nuclear fission reactor 550, propagation
parameters can include a propagation direction or orientation
of'the burnfront 510, a propagation rate of the burnfront 510,
power demand parameters such the heat generation density,
cross-sectional dimensions of a burning region through
which the burnfront 510 is to the propagated (such as an axial
or lateral dimension of the burning region relative to an axis of
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propagation of the burnfront 510), or the like. For example,
the propagation parameters may be selected so as to control
the spatial or temporal location of the burnfront 510, so as to
avoid failed or malfunctioning control elements (e.g., neutron
modifying structures or thermostats), or the like.

Neutron moditfying structures 530 may be actively con-
trolled and/or passively controlled (e.g., programmable).
Actively controlled neutron modifying structures are actively
controlled by an operator and/or an external control system.
Passively controlled neutron modifying structures are
responsive to conditions at one or more locations in the core.
For example, programmable temperature responsive neutron
modifying structures (examples of which are discussed in
detail in the aforementioned *933 application) introduce and
remove neutron absorbing or neutron moderating material
into and from the fuel-charge of a reactor 500 (including
embodiments such as propagating burnfront nuclear fission
reactor 550). Responsive to an operating temperature profile,
programmable temperature responsive neutron modifying
structures introduce neutron absorbing or moderating mate-
rial into the fuel-charge of the nuclear fission reactor to lower
operating temperature in the nuclear fission reactor or remove
neutron absorbing or moderating material from the fuel-
charge of the nuclear fission reactor in order to raise operating
temperature of the nuclear fission reactor.

It will be appreciated that temperatures are only one
example of control parameters which can be used to deter-
mine the control settings of passively controlled or program-
mable neutron modifying structures. Nonlimiting examples
of other control parameters which can be used to determine
the control settings of programmable neutron modifying
structures include power levels, neutron levels, neutron spec-
trum, neutron absorption, fuel burnup levels, and the like. In
one example, the neutron modifying structures are used to
control fuel burnup levels to relatively low (e.g., <50%) levels
in order to achieve high-rate “breeding” of nuclear fission fuel
for use in other nuclear fission reactors, or to enhance suit-
ability of the burnt nuclear fission fuel for subsequent re-
propagation of a nuclear fission deflagration wave in a propa-
gating nuclear fission deflagration wave reactor. Different
control parameters can be used at different times, or in dif-
ferent portions of the reactor. It will be appreciated that the
various neutron modifying methods discussed previously in
the context of neutron modifying structures can also be uti-
lized in programmable temperature responsive neutron modi-
fying structures, including without limitation, the use of neu-
tron absorbers, neutron moderators, combinations of neutron
absorbers and/or neutron moderators, variable geometry neu-
tron modifiers, and the like.

A material may be subjected to a neutron flux in a reactor.
It should be appreciated that the neutron irradiation of mate-
rial in a reactor may be controlled by the duration and/or
extent of duration and local power level. In another embodi-
ment, the neutron irradiation of material may be controlled by
control of the neutron environment (e.g., the neutron energy
spectrum for Np-237 processing) via neutron modifying
structures. Referring to FIGS. 6A and 6B, for example, a
material 610 inserted into a reactor 600, as indicated gener-
ally with arrow 602, will be subject to a neutron flux depen-
dent upon, inter alia, local power level, duration, neutron
modifying structures, and/or neutron spectrum modifying
features. In an embodiment where the reactor is a propagating
nuclear fission deflagration wave reactor, such as reactor 650,
material 610 may be inserted into reactor 650 as indicated
generally with arrow 652. In another embodiment, propagat-
ing nuclear fission deflagration wave reactor 650 may be
operated in a “safe” sub-critical manner, relying upon an
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external source of neutrons to sustain the propagating burn-
front, while using a portion of the fission-generated neutrons
for nuclear processing of core materials. It should be appre-
ciated that the movement of material 610 to a location within
reactor 600 (or 650) may be from a location external to the
reactor (as shown) or from another location within the reactor
(not shown).

In some embodiments, a material 610 may be present in a
location within the reactor before nuclear fission ignition
occurs within areactor, while in other embodiments the mate-
rial may be added (i.e., moved to the location) after nuclear
fission occurs or occurs in that locale. In some embodiments,
material is removed from the reactor, while in other embodi-
ments it remains in place. Alternately, a material having a set
of'non-irradiated properties is loaded into a reactor. The mate-
rial is transported (e.g., as indicated generally by arrows 652
and 602) into physical proximity and neutronic coupling with
a region of maximized reactivity—in the case of propagating
nuclear fission deflagration wave reactor 650, as the nuclear
fission deflagration wave propagating burnfront (e.g., burn-
front 670) passes through the material.

The material 610 remains in neutronic coupling for a suf-
ficient time interval to convert the material 610 into a second
material 606 having a desired set of modified properties.
Upon the material 610 having thus been converted into the
material 606, the material 606 may be physically transported
out of reactor 600 (or reactor 650) as generally indicated by
arrow 604 (or 654). The removal can take place either during
operation of reactor 600 (or 650) or after shutdown. The
removal can be performed as a continuous, sequential, or
batch process. In one example, nuclearly processed material
606 may be subsequently used as nuclear fission fuel in
another nuclear fission reactor, such as without limitation
LWRs or propagating nuclear fission deflagration wave reac-
tors. In another nonlimiting example, nuclearly processed
material 606 may be subsequently used within the nuclear
fission igniter of a propagating nuclear fission deflagration
wave reactor. In one approach, thermal management may be
adjusted to provide thermal control appropriate for any
changes in operational parameters, as appropriate for the
revised materials or structures.

According to further embodiments, temperature-driven
neutron absorption can be used to control a nuclear fission
reactor, thereby “engineering-in” an inherently-stable nega-
tive temperature coefficient of reactivity (aT). Referring now
to FIG. 7A, a nuclear reactor 700 is instrumented with tem-
perature detectors 710, such as without limitation thermo-
couples. In this embodiment, the nuclear fission reactor 700
suitably can be any type of fission reactor whatsoever. To that
end, the nuclear fission reactor 700 can be a thermal neutron
spectrum nuclear fission reactor or a fast neutron spectrum
nuclear fission reactor, as desired for a particular application.

For example, temperature detectors detect local tempera-
ture in reactor 700 and generate a signal 714 indicative of a
detected local temperature. The signal 714 is transmitted to a
control system 720 in any acceptable manner, such as without
limitation, fluid coupling, electrical coupling, optical cou-
pling, radiofrequency transmission, acoustic coupling, mag-
netic coupling, or the like. Responsive to signal 714 indicative
of the detected local temperature, control system 720 deter-
mines an appropriate correction (positive or negative) to a
local neutronic reactivity of reactor 700 (e.g., to return reactor
700 to a desired operating parameter, such as desired local
temperatures during reactor operations at power). To that end,
control system 720 generates a control signal 724 indicative
of a desired correction to local neutronic reactivity. Control
signal 724 is transmitted to a dispenser 730 of neutron absorb-
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ing material. Control signal 724 suitably may be transmitted
in the same manner or a different manner as signal 714. The
neutron absorbing material suitably may be any neutron
absorbing material as desired for a particular application,
such as without limitation Li-6, B-10, or Gd. Dispenser 730
suitably is dispensing mechanism acceptable for a desired
application. A reservoir (not shown) may be located locally to
dispenser 730 or may be located remotely from the dispens-
ing mechanism 730 (e.g., outside a neutron reflector of reac-
tor 700). Dispenser 730 dispenses the neutron absorbing
material within the nuclear fission reactor core responsive to
the control signal 1124, thereby altering the local neutronic
reactivity.

Referring now to FIG. 7B and given by way of non-limiting
example, exemplary thermal control may be established with
a neutron absorbing fluid. A thermally coupled fluid contain-
ing structure 740 contains a fluid in thermal communication
with a local region of reactor 700. The fluid in the structure
740 expands or contracts responsive to local temperature
fluctuations. Expansion and/or contraction of the fluid is
operatively communicated to a force coupling structure 750,
such as without limitation a piston, located external to the
nuclear fission reactor 700. A resultant force communicated
by the force coupling structure 750 is exerted on neutron
absorbing fluid, such as Li-6, in a neutron absorbing fluid
containing structure 760. The neutron absorbing fluid is dis-
pensed accordingly from the structure 760, thereby altering
the local neutronic reactivity. In another example, a neutron
moderating fluid may be used instead of, or in addition to, the
neutron absorbing fluid. The neutron moderating fluid
changes the neutron energy spectrum and lowers the mean
neutron energy of the local neutron environment, thereby
driving down or lowering neutronic reactivity of nuclear fis-
sion fuel within the nuclear fission reactor 700. In another
example, the neutron absorbing fluid and/or the neutron
modifying fluid may have a multiple phase composition (e.g.,
solid pellets within a liquid).

FIG. 7C illustrates details of an exemplary implementation
of'the arrangement shown in FIG. 7B. Referring now to FIG.
7C, fuel power density in a nuclear fission reactor 701 is
continuously regulated by the collective action of a distrib-
uted set of independently-acting thermostating modules, over
very large variations in neutron flux, significant variations in
neutron spectrum, large changes in fuel composition and
order-of-magnitude changes in power demand on the reactor.
This action provides a large negative temperature coefficient
ofreactivity just above the design-temperature of reactor 701.
Located throughout the fuel-charge in the nuclear fission
reactor 701 in a 3-D lattice (which can form either a uniform
or a non-uniform array) whose local spacing may be roughly
a mean free path of a median-energy-for-fission neutron (it
may be reduced for redundancy purposes), each of these
modules includes a pair of compartments, each one of which
is fed by a capillary tube. A small thermostat-bulb compart-
ment 761 located in the nuclear fission fuel contains a ther-
mally sensitive material, such as without limitation, [i-7,
whose neutron absorption cross-section may be low for neu-
tron energies of interest, while the relatively large compart-
ment 741 is positioned in a different location (e.g., on the wall
of a coolant tube) and may contain variable amounts of a
neutron absorbing material, such as without limitation, Li-6,
which has a comparatively large neutron absorption cross-
section. At a pressure of 1 bar, lithium melts at 453K and boils
at 1615K, and therefore is a liquid across typical operating
temperature ranges of reactor 701. As fuel temperature rises,
the thermally sensitive material contained in the thermostat-
bulb 761 expands, and a small fraction of it is expelled (e.g.,
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approximately 10>, for a 100K temperature change in Li-7),
potentially under kilobar pressure, into the capillary tube
which terminates on the bottom of a cylinder-and-piston
assembly 751 located remotely (e.g., outside of the radiation
shield) and physically lower than the neutron absorbing mate-
rial’s intra-core compartment 741 (in the event that gravita-
tional forces are to be utilized). There the modest volume of
high-pressure thermally sensitive material drives a swept-
volume-multiplying piston in the assembly 751 which pushes
a larger (e.g., potentially three order-of-magnitude larger)
volume of neutron absorbing material through a core-thread-
ing capillary tube into an intra-core compartment proximate
to the thermostat-bulb which is driving the flow. There the
neutron absorbing material, whose spatial configuration is
immaterial as long as its smallest dimension is less than a
neutron mean free path, acts to absorptively depress the local
neutron flux, thereby reducing the local fuel power density.
When the local fuel temperature drops, neutron absorbing
material returns to the cylinder-and-piston assembly 751
(e.g., under action of a gravitational pressure-head), thereby
returning the thermally sensitive material to the thermostat-
bulb 761 whose now-lower thermomechanical pressure per-
mits it to be received.

It will be appreciated that operation of thermostating mod-
ules does not rely upon the specific fluids (Li-6 and Li-7)
discussed in the above exemplary implementation. In one
exemplary embodiment, the thermally sensitive material may
be chemically, not just isotopically, difterent from the neutron
absorbing material. In another exemplary embodiment, the
thermally sensitive material may be isotopically the same as
the neutron absorbing material, with the differential neutron
absorbing properties due to a difference in volume of neu-
tronically exposed material, not a difference in material com-
position.

Reactor Control and Simulation

The aforementioned examples thus demonstrate that fuel,
neutron absorbing material, and other materials may be
moved throughout a reactor core by several mechanisms with
or without moving complete assemblies. Such movements
may complicate calculations of nuclide concentrations (i.e.,
numbers of atoms and isotopes and nuclear isomers of atoms
per unit volume) in the core.

In general, the calculation of nuclide concentrations in the
core or an operating reactor or simulation thereof may be
broken into two interrelated parts: neutron transport and
transmutation. Neutron transport calculations may determine
neutron populations (e.g., flux and flux spectrum), while
transmutation calculations determine the populations of
nuclides given a starting population and a neutron flux.

Neutron transport calculations can be done, for example,
using deterministic methods (e.g., a discrete ordinates
method), using stochastic methods such as a Monte Carlo
method, or by using a hybrid of the two (e.g., using determin-
istic methods to calculate certain aspects in an otherwise
Monte Carlo implementation). Deterministic methods typi-
cally solve transport equations using average particle behav-
ior. A discrete method typically divides the phase space into
many small volumes. Neutrons moving between adjacent
volumes take a small amount of time to move a small distance.
Thus, calculation approaches the integro-differential trans-
port equation (having space and time derivatives) as time,
volume, and distance are made smaller, i.e., approach 0.

Monte Carlo methods, on the other hand, obtain answers
by simulating individual particles and recording some aspects
of their average behavior. Monte Carlo methods are often
used when it is difficult to determine an example result using
a deterministic method. As applied to neutron transport, a
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Monte Carlo method may simulate the individual probabilis-
tic events, thus following neutrons through their lifecycle
from birth to death (e.g., absorption, escape, etc.). The asso-
ciated probability distributions (e.g., represented by continu-
ous and/or discrete probability density functions) are ran-
domly sampled to determine the outcome (e.g., scatter,
fission, neutron capture, leakage) at each time step. Collisions
may be modeled using physics equations and cross sectional
data. The frequency of collisions, and thus neutron induced
reactions such as fission and loss due to absorption by neutron
absorbing materials are, of course, dependent on the concen-
tration of fissile isotopes and neutron absorbing materials
respectively in the volume of interest.

Cross-sectional data for an atom represents the effective
cross sectional area that an atom presents to a particle for an
interaction, e.g., for a neutron, for interactions such as the
various scattering and absorption types. Cross sections typi-
cally vary by the atom, the particle, and the energy of the
particle. Thus, a cross section may be used to express the
likelihood of a particular interaction of an atom with an inci-
dent particle having a certain energy.

Microscopic properties, such as a microscopic cross sec-
tion for a reaction (e.g., scatter, radiative capture, absorption,
fission), are intrinsic properties of a type of nuclei (i.e., of a
specific material’s nuclei). Macroscopic properties, such as a
macroscopic cross section for a reaction, is a property of a
volume ofthe material having a concentration or density (e.g.,
in number of atoms per unit volume) of the material. Micro-
scopic cross section is typically expressed in units of area
(e.g., cm? or “barns”—abarn is 107>* m?). Macroscopic cross
sections are proportional to the microscopic cross section
multiplied by the density, or equivalently 1/(mean free path
length) and thus are expressed in units of 1/length (e.g., m™).

Cross sectional data is typically determined by empirical
means. Thus, especially for short-lived isotopes, cross sec-
tional data for a large spectrum of neutron energies is simply
not available yet. Therefore, performing accurate Monte
Carlo calculations on volumes having a population of iso-
topes not having completely known or well-characterized
properties such as neutron cross-sections can be difficult.
Additionally, even if all the cross sectional data for each and
every material was well characterized, the computational bur-
den would be significant. Methods which may help reduce
these difficulties and/or computational burdens are described
in detail elsewhere herein.

Transmutation calculations determine the inventory or
concentration of each nuclide as it varies, for example, under
a neutron flux. In general, transmutation calculations may be
thought of as determining a new population of a material
based on the loss rate and the production rate of the material
subject to a given neutron flux. A given atom of a material
may, for example, fission and produce two fission products;
while another atom of the material might be converted to an
isotope of a larger atomic mass number (A) after capturing a
neutron. Yet another atom of the material might beta or alpha
decay to another element, and so forth. Thus, the rate of
change of an amount of a material in an operating reactor is
typically the sum of the loss rate due to decay, gain rate due to
decay, loss due to neutron-induced reactions, and gain due to
neutron-induced reactions.

It is to be appreciated that transmutation calculations for
materials depend upon the current neutron flux, and neutron
flux calculations depend upon the current concentration of
materials such as fissile isotopes and neutron absorbing mate-
rials. These calculations may be linked together in various
ways, including but not limited to such iterative numerical
analysis tools such as the Runge-Kutta methods. A complete
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description of Runge-Kutta is not necessary, as it is well
known in the art. In general, however, explicit Runge-Kutta
methods, “solve” the initial value problem

Y'=Aey)yto) o

using the equations

Vptl =Vn + hz b;k; where
in1
ky = f(tn, yn),
ky = f(ty + C2h, yy + azihky),
k3 = f(t, + c3h, y, +as hky + asphks),

ks = [ty + Csh, Y +asthky + aghky + ...+ ass 1 hks_1)

To specify a specific Runge Kutta method, one may supply
aninteger, s, and a set of coefficients a,, b,;, and c,, The Runge
Kutta method is consistent if the coetficients are such that:

1
aj=c; fori=2,... ,s.

i

7

Thus, for example, a consistent fourth order Runge Kutta
is:
Y1 =Yt Veh(k +horky+hy),
Loyl =t th

where

k1 A yn)s

ko =flt,+Yoh,y,+Yohk,),
k3=t +Y2h,y,+Y5hks,), and

ka=At+h,y,+hiks).

Thus, the next value, y,,,,, is determined by the present
value, y,,, plus the product of the size of the interval and an
estimated slope. The slope is a weighted average of slopes: k;
is the slope at the beginning of the interval, k, is the slope at
the midpoint of the interval using slope k; to determine the
value of'y at the point t,+h/2 using Euler’s method; k; is again
the slope at the midpoint, but now using the slope k, to
determine the y-value; and k, is the slope at the end of the
interval, with its y-value determined using k;. The Euler
method is a one stage Runge Kutta method. The Euler method
essentially estimates the slope and advances a small step
using that slope. Examples of second order Runge Kutta
methods include the midpoint method and Heun’s method.

Thus, an updated amount (e.g., inventory or concentration)
of'a material in a reactor core or volume of interest (inside or
outside the reactor core) may be determined by determining
an average rate of change of the amount of the material based
on the previous amount of the material and a neutron flux.
This may be performed individually or simultaneously for all
of the materials in the reactor core or the volume of interest.
The neutron flux, in turn, may be determined by determining
an average rate of change of flux based on the amount of the
materials in the core.

Accuracy of the calculations may be enhanced if subvol-
umes of a reactor are considered rather than a reactor core in
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gross. For example, gross calculations may be performed on
a homogenous model of a reactor core—the core is simulated
to have an even distribution of all materials. Higher resolution
may be obtained by representing the core as a volume com-
prised of many homogeneous cells, each cell being allowed to
have different concentrations of materials. Although cells
need not be homogenous, homogenous cells are typically
preferred to simplify calculations.

If the resolution is high enough, the core may be repre-
sented with very good precision. For example, a three-dimen-
sional geometry of cells, each having a defined geometry and
concentrations of materials may be used. Cells may be
defined in many ways, including but not limited to by their
bounding surfaces such as equations of surfaces and intersec-
tions and unions of regions of space. Transport calculations
typically determine for each cell the number of reactions and
boundary crossings to each neighboring cell.

As illustrated in FIG. 8A, a structure 800 may be formed by
cells having complicated shapes. For the sake of simplicity,
only two dimensions are shown (i.e., a cross section), but it is
understood that cells are typically three dimensional. More-
over, in this non-limiting example, the locations and shapes
are relatively uniform. For example, exemplary cell 802 may
be a sphere. Exemplary cell 804 may be a larger sphere
excluding the volume defined by cell 802. Exemplary cell 806
may be a cube, excluding the volume circumscribed by the
outer spherical surface of cell 804. Alternatively, cell 802
could be a cylinder extending some distance into the figure,
cell 804 could be the volume determined by a larger cylinder
excluding the volume of cell 802, and cell 806 could be a
rectangular prism excluding the volume within the cylinder
defined by cell 804’s outer surface. In any case, cell 802 may
include one composition of fuel materials, neutron absorbing
materials, and structural materials. Cell 804 may have a sec-
ond composition of fuel materials, neutron absorbing mate-
rials, and structural materials. Cell 806 may be a third com-
position of structural materials only (e.g., cladding).

As illustrated in FIG. 8B, cells may be combined to form
larger structures. For example, structure 800 may represent a
rectangular prism-shaped fuel assembly. Structure 830
includes many structures 800. For example, structure 830
may define a fuel module of six fuel pins by four fuel pins and
fifty fuel pins deep. Thus, even larger structures may be
formed. For example, as illustrated by FIG. 8C, exemplary
structure 860 may represent a reactor core having an arrange-
ment of nineteen structures 830 (e.g., fuel modules) each
including many structures 800 (fuel assemblies). Thus, spe-
cific physical locations in space of an actual operating reactor
or a detailed reactor design may be represented by a cell.
Calculations may be performed using a detailed model rep-
resenting an actual reactor during operation. The results may
be used to make decisions regarding reactor control. Simi-
larly, calculations may be performed on a representation of a
proposed reactor to test operating procedures or to test pro-
posed fuel and neutron absorbing material loading.

Transmutation and transport calculations may be per-
formed for each cell. For a complex model, this can result in
a large computational burden due in part to the large number
of cells. The computational burden is also increased by the
number of materials which may be present in each cell. Prior
to operation, a reactor already contains a large number of
materials (e.g., various fuel isotopes, installed neutron
absorbing material, structural isotopes, moderator, reflectors,
etc.). Immediately upon operation, however, the number of
materials (e.g., isotopes) in the reactor increases significantly
due to neutron capture and especially neutron-induced fis-
sion.
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The distribution of fission products from a fission of a given
isotope induced by a neutron of a given energy may be
described by a fission product yield curve. FIG. 9 illustrates
an exemplary fission product yield curve 900. It should be
appreciated that the graph illustrates the total fission yield in
percent of fission products having each mass number (A).
More than one isotope may have a given mass number. Thus,
fission products having a mass number of, for example, 140,
fall under the point on the curve defined by mass num-
ber=140. In this example, the fission products produced by
the thermal fission of U-235 is illustrated on fission product
yield curve 900. Curves for fissions of U-235 induced by fast
neutrons will have a similar but different shape. Neutron
energies may be classified in more detail than “fast” or “ther-
mal.” Also, fission yield curves for other fissile isotopes will
have a similar but different shape. In general, however, fission
yield curves follow this “M” shape having two peaked
“humps.” Thus, the curve may be divided into two portions,
left curve portion 912 which includes a left peak 922, and
right curve portion 914 which includes a right peak 924. Thus
area 902 falls under left peak 922 and left curve portion 912
and area 904 falls under right peak 924 and right curve portion
914. As a reactor operates, the level of fission products tends
to increase due to fission (i.e., have a production rate due to
fission), but tends to decrease due to decay and neutron cap-
ture or “burnout” (i.e., have loss rates due to decay and cap-
ture). Transmutation calculations may be used to determine or
approximate these levels during reactor operation.

As discussed elsewhere herein, reactor control systems,
such as control system 720, may determine appropriate cor-
rections (positive or negative) to a local neutronic reactivity of
reactor 700 (e.g., to return reactor 700 to a desired operating
parameter, such as desired local temperatures during reactor
operations at power). To that end, control systems may gen-
erate a control signal (e.g., control signal 724) indicative of a
desired correction to local neutronic reactivity. Reactor con-
trol systems and control signals are not limited to the embodi-
ments such as control system 720 and control signal 724.
Reactor Control Systems may also control other neutron
affecting or absorbing features such as control rods, to control
and/or shut down the reactor as desired, which is well known
in the art. Reactor Control Systems may also generate control
signals to order changes in various flows, e.g., the flow of heat
absorbing material (e.g., coolant) through the reactor or por-
tions of the reactor by ordering changes in reactor coolant
pump (e.g., reactor coolant pumps 22) operation and/or vari-
ous valve positions in the reactor system, including but not
limited to reactor closures (e.g., closures 24) or reactor cool-
ant shutoff valves, steam shutoff valves, etc. Reactor Control
Systems may also order changes in breaker positions (e.g.,
reactor coolant pump power supply breakers, steam turbine-
generator output breakers, etc.). As is well known in the art,
Reactor Control Systems may have temperature inputs (e.g.,
control system 720 receiving input from temperature detec-
tors 710) in addition to neutron detectors (e.g., to sense neu-
tron flux to determine reactor power or local reactor power at
a portion of the core), and flow and position detectors (e.g.,
venturi-type flow detectors, valve position indicators, breaker
position indicators). Thus, Reactor Control Systems may
control the flow of heat absorbing material (e.g., coolant)
through the reactor and/or portions of the reactor to control
overall temperatures and local temperatures in response to
overall reactor thermal power and/or local reactor thermal
power. Reactor Control Systems may also provide operator
indications and accept operator inputs. Thus, a Reactor Con-
trol System monitors reactor operations, may provide some
automatic control features (such as changing flow rates and
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moving control rods or otherwise positioning neutron affect-
ing or absorbing materials, which are described in more detail
elsewhere herein), displays operational parameters, and
accepts and executes operator inputs for manual control
actions.

Example Computer System

Some aspects and/or features of the disclosed subject mat-
ter can be implemented by software, firmware, hardware, or a
combination thereof. Calculations may be approximated
using table look-ups. Hardware implementations of indi-
vidual components are not limited to digital implementations
and may be analog electrical circuits. Additionally, embodi-
ments may be realized in a centralized fashion in at least one
communication system, or in a distributed fashion where
different elements may be spread across several intercon-
nected communication systems. Any kind of computer sys-
tem or other apparatus adapted for carrying out the methods
described herein may be suited.

FIG. 10 illustrates an example computer system 1000 in
which the present subject matter, or portions thereof, can be
implemented as computer-readable code. Various embodi-
ments are described in terms of this example computer system
1000. After reading this description, it will become apparent
to a person skilled in the relevant art how to implement the
disclosed subject matter using other computer systems and/or
computer architectures.

Computer system 1000 includes one or more processors,
such as processor 1004. Processor 1004 can be a special
purpose or a general purpose processor. Processor 1004 is
connected to a communication infrastructure 1006 (for
example, a bus or network).

Computer system 1000 also includes a main memory 1008,
preferably random access memory (RAM), and may also
include a secondary memory 1010. Secondary memory 1010
may include, for example, ahard disk drive 1012, a removable
storage drive 1014, any type of non-volatile memory, and/or
amemory stick. Removable storage drive 1014 may comprise
a floppy disk drive, a magnetic tape drive, an optical disk
drive, a flash memory, or the like. The removable storage
drive 1014 reads from and/or writes to a removable storage
unit 1018 in a well known manner. Removable storage unit
1018 may comprise a floppy disk, magnetic tape, optical disk,
etc. which is read by and written to by removable storage
drive 1014. As will be appreciated by persons skilled in the
relevant art(s), removable storage unit 1018 includes a com-
puter usable storage medium having stored therein computer
software and/or data.

In alternative implementations, secondary memory 1010
may include other similar means for allowing computer pro-
grams or other instructions to be loaded into computer system
1000. Such means may include, for example, a removable
storage unit 1022 and an interface 1020. Examples of such
means may include a program cartridge and cartridge inter-
face (such as that found in video game devices), a removable
memory chip (such as an EPROM, or PROM) and associated
socket, and other removable storage units 1022 and interfaces
1020 which allow software and data to be transferred from the
removable storage unit 1022 to computer system 1000.

Computer system 1000 may also include a communica-
tions interface 1024. Communications interface 1024 allows
software and data to be transferred between computer system
1000 and external devices. Communications interface 1024
may include a modem, a network interface (such as an Eth-
ernet card), acommunications port, a PCMCIA slot and card,
orthe like. Software and data transferred via communications
interface 1024 are in the form of signals which may be elec-
tronic, electromagnetic, optical, or other signals capable of
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being received by communications interface 1024. These sig-
nals are provided to communications interface 1024 via a
communications path 1026. Communications path 1026 car-
ries signals and may be implemented using wire or cable,
fiber optics, a phone line, a cellular phone link, an RF link or
other communications channels.

Computer system 1000 may also be coupled to a Reactor
Control system 1030. Reactor Control System 1030 may be
directly interfaced to the communications infrastructure 1006
as shown in the figure. Reactor Control System may also be
interfaced via communications interface 1024 or communi-
cations interface 1024 and communications path 1026.

In this document, the terms “computer program medium”
and “computer usable medium” are used to generally refer to
media such as removable storage unit 1018, removable stor-
age unit 1022, and a hard disk installed in hard disk drive
1012. Signals stored elsewhere and carried over communica-
tions path 1026 can also embody the logic described herein.
Computer program medium and computer usable medium
can also refer to memories, such as main memory 1008 and
secondary memory 1010, which can be memory semiconduc-
tors (e.g. DRAMSs, etc.). These computer program products
are means for providing software to computer system 1000.

Computer programs (also called computer control logic)
are stored in main memory 1008 and/or secondary memory
1010. Computer programs may also be received via commu-
nications interface 1024. Such computer programs, when
executed, enable computer system 1000 to implement the
present subject matter as discussed herein. In particular, the
computer programs, when executed, enable processor 1004
to be used in the performance of processes of the present
subject matter, such as the methods illustrated by the flow-
charts described elsewhere herein. Accordingly, such com-
puter programs represent controllers of the computer system
1000. Where the disclosed subject matter is implemented
using software, the software may be stored in a computer
program product and loaded into computer system 1000
using removable storage drive 1014, interface 1020, hard
drive 1012 or communications interface 1024.

The present subject matter is also directed to computer
program products comprising software stored on any com-
puter useable medium. Computer programs or software in the
present context means any expression, in any language, code
or notation, of a set of instructions intended to cause a system
having an information processing capability to perform a
particular function either directly or after either or both of the
following: a) conversion to another language, code or nota-
tion; b) reproduction in a different material form. Such soft-
ware, when executed in one or more data processing device,
causes a data processing device(s) to operate as described
herein. Embodiments employ any computer useable or read-
able medium, known now or in the future. Examples of com-
puter useable mediums include, but are not limited to, pri-
mary storage devices (e.g., any type of random access
memory), secondary storage devices (e.g., hard drives, floppy
disks, CD ROMS, ZIP disks, tapes, magnetic storage devices,
optical storage devices, MEMS, nanotechnological storage
device, etc.), and communication mediums (e.g., wired and
wireless communications networks, local area networks,
wide area networks, intranets, etc.).

Methods for Mapping Reactor Materials

Now that illustrative embodiments of nuclear reactors and
reactor control and simulation have been discussed, illustra-
tive methods associated therewith will now be discussed.

Following are a series of flowcharts depicting implemen-
tations of processes. For ease of understanding, the flowcharts
are organized such that the initial flowcharts present imple-
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mentations via an overall “big picture” viewpoint and there-
after the following flowcharts present alternate implementa-
tions and/or expansions of the “big picture” tflowcharts as
either sub-steps or additional steps building on one or more
earlier-presented flowcharts. Those having skill in the art will
appreciate that the style of presentation utilized herein (e.g.,
beginning with a presentation of a flowchart(s) presenting an
overall view and thereafter providing additions to and/or fur-
ther details in subsequent flowcharts) generally allows for a
rapid and easy understanding of the various process imple-
mentations. In addition, those skilled in the art will further
appreciate that the style of presentation used herein also lends
itself well to modular design paradigms. The blocks may be
performed in any order or concurrently unless specified oth-
erwise. Some embodiments do not require the performance of
each and every block, regardless whether the block or blocks
is/are explicitly labeled or described as optional. Other
embodiments require the repetition of one or more blocks,
regardless whether the block is labeled or described as
repeated.

Referring now to FIG. 11, an illustrative method 1100 is
provided for simulating and/or controlling a nuclear reactor.
The method 1100 starts at a block 1105.

At block 1105, a flux in a first cell is determined based on
the amount(s) of at least one material in at least the first cell.
The flux determination may be further based on the amounts
of more than one material in the first cell and/or a previous
flux in the first cell. Also, the flux determination may be
further based on the amounts one or more materials in one or
more other cells. For example, a flux may be determined by a
transport calculation (e.g., solving neutron transport equa-
tions). A “flux” may be any flux (e.g., photon, alpha, beta,
etc.), but is typically a neutron flux. The flux may be deter-
mined by numerical analysis methods using an average rate of
change of the flux. The average rate of change of the flux may
be a weighted average (e.g., as determined by a Runge Kutta
method or any other method). The flux may be dependent
upon the amount(s) of one or more materials in the first cell.
The flux may be further dependent upon the amount(s) of one
or more materials in one or more additional cells. An
“amount” may be a mass or a number (e.g., number of atoms)
or may be a density/concentration (e.g., mass or number of
particles per unit volume). A cell represents a physical loca-
tion or region in a nuclear reactor. The reactor may be, for
example, real or simulated, currently operating, or under
design. The reactor may be any type or sub-type of reactor,
including light water reactor, heavy water reactor, pressurized
water reactor, boiling water reactor, propagating nuclear fis-
sion deflagration wave reactor, etc. The reactor is typically
represented by many homogeneous cells, but heterogeneous
cells may be used. Each cell may have the same or different
shape or volume as any other cell. A material may be one or
more of any element, molecule, family of elements, family of
molecules, isotope, family of isotopes, isomers of isotopes,
fertile isotope(s), fission product(s), fission product poisons,
etc. Materials are typically elements and isotopes of ele-
ments. Thus, U-235 and U-238 are thus typically two differ-
ent materials.

At block 1110, the average rate(s) of change of the one or
more amount(s) of one or more material(s) in the first cell is
determined based on previous amount(s) of the material(s)
and a flux in the first cell. For example, average rates of
change may be determined by a transmutation rate calcula-
tion. The average rate of change of the amount of one or more
materials may be determined by numerical analysis methods
using an average rate of change of the amount. The average
rate of change of the flux may be a weighted average (e.g., as
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determined by a Runge Kutta method or any other method).
The amount may be dependent upon the flux in the first cell.
The average rates of change for the one or more materials may
be solved individually or simultaneously (such as when
coupled through transmutation equations).

At block 1115, updated amount(s) in the first cell for the
material(s) are determined based on the average rate(s) of
change. For example, updated amounts may be determined by
performing transmutation calculations. The updated amounts
for the one or more materials may be solved individually or
simultaneously (such as when coupled through transmutation
equations).

Atblock 1120, at least one move quantity is determined. A
move quantity may be any quantity of one or more materials
such as a quantity of a material that is desired to be moved into
or out of a cell. In this block one or more move quantities may
each apply to one or more materials in the first cell. A move
quantity may be determined in response to one or more reac-
tor parameters such as a flux or a fluence, a power level (local
or overall), a temperature, etc. A reactor parameter may be
compared to a threshold or set point for that parameter. This
block may be repeated as suitable, e.g., for each of one or
more materials in the first cell.

At block 1125, the updated amount(s) in the first cell
is (are) adjusted by the move quantity(-ies). One or more
move quantities are each applied to the amounts of one or
more materials in the first cell, thus increasing or decreasing
each affected amount. A move amount of zero may be used to
signify no change. In an embodiment, a material may be
moved outside the reactor. In this case, blocks 1130 through
1145 may be skipped.

At block 1130, a flux in a second cell is determined based
on amount(s) of at least one material in the second cell. As
discussed above, the flux determination may be further based
on the amounts of more than one material in the second cell.
Also, the flux determination may be further based on the
amounts one or more materials in one or more other cells.

At block 1135, average rate(s) of change of the amount(s)
of the material(s) in the second cell based on previous
amount(s) of the material(s) and a flux in the second cell is
determined.

Atblock 1140, updated amount(s) in the second cell for the
material(s) is (are) determined based on the average rate(s) of
change in the second cell.

At block 1145, the updated amount(s) in the second cell
is (are) adjusted by the move quantity(-ies).

At block 1150, a control action for a nuclear reactor is
determined. A control action may be a change (positive or
negative) to a local neutronic reactivity of a reactor using any
neutron affecting or absorbing features such as movement of
neutron absorbing materials or fluids, control rods, etc.; a
change in one or more various flows, e.g., the flow of heat
absorbing material (e.g., coolant) through the reactor by
ordering changes in reactor coolant pump operation and/or
various valve positions in the reactor system, including but
not limited to reactor closures or reactor coolant shutoff
valves, steam shutoff valves, etc.; a change in one or more
breaker positions (e.g., reactor coolant pump power supply
breakers, steam turbine-generator output breakers, etc.); or
the like. The determined control action may be displayed to a
user. In an embodiment, this block is optional.

At block 1155, a control action for the nuclear reactor is
performed. This performance may be automatic or manual. In
an embodiment, this block is optional.

At block 1160, approximately the move quantity(-ies) of
the material(s) is/are transferred to/from the first cell location
in a reactor. In this block, an actual of amount of at least one
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substance corresponding to one or more of the at least one
material is transferred from or to one location (i.e., from the
first cell location or to the first cell location). This block may
be performed in conjunction with block 1155 or separately.
The transferred amount of a substance (i.e., approximately
the move quantity of the corresponding material or materials)
may, but is not required, to be associated with a component in
the location represented by the cell (e.g., an assembly includ-
ing fuel, neutron absorbing material, structural components,
or any combination of these). In an embodiment such as a
simulation or evaluation of a reactor design, this step is
optional.

The method stops at block 1160, but may continue to point
A as indicated in other methods in other figures.

Referring now to FIG. 12, an illustrative method 1200 is
provided for simulating and/or controlling a nuclear reactor.
The method 1200 starts at a block 1210. As illustrated by
point A, method 1200 may be preceded by method 1100.

At block 1210, approximately the move quantity(-ies) of
the material(s) is/are transferred from/to a second cell. In this
block, an actual amount of at least one substance correspond-
ing to one or more of the at least one material is transferred
from orto the location of the second (i.e., from the second cell
location or to the second cell location). For example, in con-
junction with block 1160 of method 1100, a quantity of a
substance, approximately equal to the determined move
quantity or quantities of the corresponding materials, may be
transferred from the first cell to the second cell or vice versa.

The method stops at block 1210.

Referring now to FIG. 13, an illustrative method 1300 is
provided for simulating and/or controlling a nuclear reactor.
The method 1300 starts at a block 1305. As illustrated by
point A, method 1300 may be preceded by method 1100.
Tlustrative method 1300 provides an exemplary method of
moving matter in a four-cell loop through the reactor. At each
cellin the loop, the amount and type of matter moved need not
be identical. A person of skill in the art would understand that
the four-cell loop may be expanded or contracted as suitable
(i.e., include fewer or more cells).

At block 1305, approximately the move quantity(-ies) of
material(s) is/are transferred to a second cell. For example, in
conjunction with block 1160 of method 1100, a quantity of a
substance, approximately equal to the determined move
quantity or quantities of the corresponding materials, may be
transferred from the first cell to the second cell.

At block 1310, second move quantity(-ies) is (are) deter-
mined. The second move quantity or quantities may be cal-
culated in any way as described above.

At block 1315, amount(s) in the second cell is (are)
adjusted by the second move quantity(-ies).

At block 1320, approximately the second move
quantity(-ies) of material(s) are transferred from the second
cell to a third cell.

At block 1325, third move quantity(-ies) is (are) deter-
mined.

At block 1330, amount(s) in the third cell is (are) adjusted
by the third move quantity(-ies).

Atblock 1335, approximately the third move quantity(-ies)
of'material(s) is (are) transferred from the third cell to a fourth
cell.

At block 1340, fourth move quantity(-ies) is (are) deter-
mined.

Atblock 1345, amount(s) in the fourth cell is (are) adjusted
by the fourth move quantity(-ies).

At block 1350, approximately the fourth move quan-
tity(-ies) of material(s) is (are) transferred from the fourth cell
to a first cell



US 9,424,376 B2

27

The method stops at block 1350.

Referring now to FIG. 14, an illustrative method 1400 is
provided for simulating and/or controlling a nuclear reactor.
The method 1400 starts at a block 1405. As illustrated by
point A, method 1400 may be preceded by method 1100.
Iustrative method 1400 illustrates, inter alia, mixing quan-
tities of one or materials from a first cell and a third cell, and
transferring at least a portion of the mixture back to the first
cell. One or more additional iterations of neutron flux and
transmutation calculations may optionally occur. A person of
skill in the art would understand that this illustrative method
could be expanded or contracted to include various mixing
methods using fewer or more cells.

At block 1405, approximately the move quantity(-ies) of
materials is (are) transferred to a second cell.

At block 1410, second move quantity(-ies) is (are) deter-
mined.

At block 1415, amount(s) in the second and third cells
is (are) adjusted by the second move quantity(-ies).

At block 1420, approximately the second move qu-
antity(-ies) are transferred to/from a third cell and from/to the
second cell.

At block 1425, a new average rate(s) of change of the
amount(s) of the material(s) in the first cell based on current
amount(s) of the material(s) and an updated flux in the first
cell is (are) determined.

At block 1430, new updated amount(s) in the first cell for
the material(s) is (are) determined based on the new average
rate(s) of change.

At block 1435, third move quantity (-ies) is (are) deter-
mined.

Atblock 1440, amount(s) in the second and first cell is (are)
adjusted by the third move quantity(-ies).

At block 1445, approximately the third move qua-
ntity (-ies) is (are) transferred from the second cell to the first
cell.

The method stops at block 1445.

Referring now to FIG. 15, an illustrative method 1500 is
provided for simulating and/or controlling a nuclear reactor.
As illustrated by point A, method 1500 may be preceded by
method 1100. Ilustrative method 1500 provides an exem-
plary method of, inter alia, transferring quantities of one or
more materials to a cell location for holding (e.g., a holding
tank or reservoir, etc.). While the material is in the holding
cell location, one or more additional iterations of neutron flux
and transmutation calculations may optionally occur. Mate-
rial may also be transferred out of the holding cell (e.g., to a
location that is not represented by the first cell). A person of
skill in the art would understand that this illustrative method
could be expanded or contracted to include various holding
methods using fewer or more cells. The method 1500 starts at
a block 1505.

At block 1505, approximately the move quantity(-ies) of
material(s) is (are) transferred to a second cell.

At block 1510, second move quantity(-ies) is (are) deter-
mined.

At block 1515, amount(s) in the second cell is (are)
adjusted by the second move quantity(-ies).

At block 1520, approximately the second move quan-
tity(-ies) of material(s) is (are) transferred from the second
cell.

At block 1525, new average rate(s) of change of the
amount(s) of the material(s) in the first cell is (are) determined
based on current amount(s) of the material(s) and an updated
flux in the first cell.
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At block 1530, new updated amount(s) in the first cell for
the material(s) is (are) determined based on the new average
rate(s) of change.

At block 1535, an average rate(s) of change of the
amount(s) of the material(s) in the second cell is (are) deter-
mined based on current amount(s ) of the material(s) and a flux
in the second cell.

Atblock 1540, updated amount(s) in the second cell for the
material(s) is (are) determined based on the average rate of
change in the second cell.

At block 1545, third move quantity(-ies) is (are) deter-
mined.

At block 1550, amount(s) in the first and second cells
is (are) adjusted by the third move quantity(-ies).

Atblock 1555, approximately the third move quantity(-ies)
of material(s) is (are) transferred from the second cell to the
first cell.

The method stops at block 1555.

Referring now to FIG. 16, an illustrative method 1600 is
provided for simulating and/or controlling a nuclear reactor.
Tlustrative method 1600 differs from illustrative method
1110, but some steps may be similar. For example, illustrative
method 1600 provides an example of a continuous move of
material(s) rather than discrete moves. The method 1600
starts at a block 1605.

At block 1605, a flux in a first cell is determined based on
amount(s) of at least one material in the first cell. As discussed
above, the flux determination may be further based on the
amounts of more than one material in the first cell. Also, the
flux determination may be further based on the amounts one
or more materials in one or more other cells. This block is
similar to block 1105.

At block 1610, average rate(s) of change of the amount(s)
of the material(s) in the first cell is (are) determined based on
previous amount(s) of the material(s) and a flux in the first
cell. This block is similar to block 1110.

At block 1615, at least one move rate for the material(s) in
the first cell is (are) determined. A move rate may be any rate
of movement of one or more materials such as a quantity of a
material that is desired to be moved into or out of a cell. In this
block one or more move rates may each apply to one or more
materials in the first cell. A move rate may be determined in
response to one or more reactor parameters such as a flux or
a fluence, a power level (local or overall), a temperature, etc.
A reactor parameter may be compared to a threshold or set
point for that parameter. This block may be repeated as suit-
able, e.g., for each of one or more materials in the first cell.

At block 1620, the average rate(s) of change in the first cell
is (are) adjusted based on the move rate(s) for the material(s)
in the first cell. For example, an average rate of change of a
material in the first cell may be adjusted (increased or
decreased) based on a determined move rate. The adjustment
may be made to a single average rate of change or to indi-
vidual rates of change which are averaged (e.g., in a straight
average or a weighted average). The average rates of change
for more than one material may be solved individually or
simultaneously (such as when coupled through transmutation
equations).

At block 1625, updated amount(s) in the first cell is (are)
determined based on the adjusted average rate(s) of change.
In an embodiment, a material may be moved outside the
reactor. In this case, blocks 1630 through 1645 may be
skipped.

At block 1630, a flux in a second cell is determined based
on amount(s) of at least one material in the second cell. As
discussed above, the flux determination may be further based
on the amounts of more than one material in the first cell.
Also, the flux determination may be further based on the
amounts one or more materials in one or more other cells.
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At block 1635, average rate(s) of change of the amount(s)
of the material(s) in the second cell is (are) determined based
on previous amount(s) of the material(s) and a flux in the
second cell.

Atblock 1640, the average rate(s) of change in the second
cell is (are) determined based on move rate(s) of at least one
material.

Atblock 1645, updated amount(s) in the second cell is (are)
based on the adjusted average rate(s) of change.

At block 1650, a control action for a nuclear reactor is
determined. In an embodiment, this block is optional.

At block 1655, a control action for nuclear reactor is per-
formed. In an embodiment, this block is optional.

At block 1660, material(s) is (are) transferred to/from the
first cell at a transfer rate approximately equivalent to the
move rate(s) of the material(s). As with block 1160, an actual
amount of at least one substance is transferred, but the transfer
is at a transfer rate equivalent to the appropriate move rate. In
an embodiment such as a simulation or evaluation of a reactor
design, this step is optional.

The method stops at block 1660, but may continue to point
B as indicated in other methods in other figures.

Referring now to FIG. 17, an illustrative method 1700 is
provided for simulating and/or controlling a nuclear reactor.
The method 1700 starts at a block 1705. As illustrated by
point B, method 1700 may be preceded by method 1600.

At block 1705, material(s) is (are) transferred from/to a
second cell at the transfer rate(s) approximately equivalent to
the move rate(s) of the materials. In this block, an actual of
amount of at least one substance corresponding to one or
more of the at least one material is transferred from or to the
location of the second (i.e., from the second cell location or to
the second cell location) at the move rate(s). For example, in
conjunction with block 1660 of method 1600, a quantity of a
substance, approximately equal to the determined move
quantity or quantities of the corresponding materials, may be
transferred from the first cell to the second cell or vice versa
at the appropriate move rate(s).

The method stops at block 1705.

Referring now to FIG. 18, an illustrative method 1800 is
provided for simulating and/or controlling a nuclear reactor.
The method 1800 starts at a block 1805. As illustrated by
point B, method 1800 may be preceded by method 1600.
Iustrative method 1800 provides an exemplary method of
moving matter at various rates in a four-cell loop through the
reactor. At each cell in the loop, the rate and type of matter
moved need not be identical. A person of skill in the art would
understand that the four-cell loop may be expanded or con-
tracted as suitable (i.e., include fewer or more cells).

Atblock 1805, material(s) is (are) transferred to the second
cell at transfer rate(s) approximately equivalent to the move
rate(s) of the materials.

At block 1810, a second (set of) move rate(s) for
material(s) in the second cell is (are) determined.

At block 1815, further adjustment(s) to average rate(s) of
change in the second cell is (are) made based on the second
(set of) move rate(s) of the material(s).

At block 1820, material(s) is (are) transferred from the
second cell to a third cell at approximately the second (set of)
move rate(s).

Atblock 1825, move rate(s) for material(s) in the third cell
is (are) determined.

Atblock 1830, average rate(s) of change for material(s) in
the third cellis (are) adjusted by the second (set of) move rates
for the second cell and/or the determined move rates of the
third cell.
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At block 1835, material(s) is (are) transferred from the
third cell to a fourth cell at approximately the determined
move rate(s) of the third cell.

At block 1840, move rate(s) for material(s) in the fourth
cell is (are) determined.

At block 1845, average rate(s) of change for material(s) in
the fourth cell is (are) adjusted by the determined move rate(s)
of'the third cell and/or the determined move rates of the fourth
cell.

At block 1850, material(s) is (are) transferred from the
fourth cell to the first cell at approximately the determined
move rates of the fourth cell.

The method stops at block 1850.

Referring now to FIG. 19, an illustrative method 1900 is
provided for simulating and/or controlling a nuclear reactor.
Tlustrative method 1900 illustrates, inter alia, mixing quan-
tities of one or materials from a first cell and a third cell, and
transferring at least a portion of the mixture back to the first
cell. The transfers occur at various rates. One or more addi-
tional iterations of neutron flux and transmutation calcula-
tions may optionally occur during the transfer. A person of
skill in the art would understand that this illustrative method
could be expanded or contracted to include various mixing
methods using fewer or more cells. The method 1900 starts at
a block 1905. As illustrated by point B, method 1900 may be
preceded by method 1600.

Atblock 1905, material(s) is (are) transferred to the second
cell at transfer rate(s) approximately equivalent to the move
rate(s) of the materials.

At block 1910, a second (set of) move rate(s) for mate-
rial(s) of the second cell is (are) determined.

At block 1915, further adjustments are made to average
rate(s) of change in the second cell and to the average rate(s)
of change in a third cell based on the second (set of) move
rate(s) of the material(s).

At block 1920, material(s) is (are) transferred at approxi-
mately the second (set of) move rate(s) to/from a third cell
fronv/to the second cell.

At block 1925, new average rate(s) of change of the
amount(s) of the material(s) in the first cell is (are) determined
based on current amount(s) of the material(s) and an updated
flux in the first cell.

At block 1930, new updated amount(s) in the first cell for
the material(s) is (are) determined based on the new average
rate(s) of change.

At block 1935, a third (set of) move rate(s) is determined
for material(s) of the second cell.

At block 1940, average rate(s) of change of material(s) in
the first and second cells is (are) adjusted using the third (set
of) move rate(s).

At block 1945, material(s) is (are) are transferred at
approximately the third (set of) move rate(s) from the second
cell to the first cell.

The method stops at block 1945.

Referring now to FIG. 20, an illustrative method 2000 is
provided for simulating and/or controlling a nuclear reactor.
Tlustrative method 2000 provides an exemplary method of,
inter alia, transferring quantities of one or more materials to a
celllocation for holding (e.g., a holding tank or reservoir, etc.)
at various rates. While the material is being transferred
to/from the holding cell location, one or more additional
iterations of neutron flux and transmutation calculations may
optionally occur. Material may also be transferred out of the
holding cell (e.g., to a location that is not represented by the
first cell). The method 2000 starts at a block 2005. As illus-
trated by point B, method 2000 may be preceded by method
1600.
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Atblock 2005, material(s) is (are) transferred to the second
cell at transfer rate(s) approximately equivalent to the move
rate(s) of the materials.

At block 2010, a second (set of) move rate(s) for
material(s) of the second cell is determined.

At block 2015, further adjustment(s) is (are) made to aver-
age rate(s) of change in the second cell based on the second
(set of) move rate(s) of the material(s).

At block 2020, material(s) is (are) transferred at approxi-
mately the second (set of) move rate(s) from the second cell.

At block 2025, new average rate(s) of change of the
amount(s) of the material(s) in the first cell is (are) determined
based on current amount(s) of the material(s) and an updated
flux in the first cell.

At block 2030, new updated amount(s) in the first cell
is (are) determined for the material(s) based on the new aver-
age rate(s) of change.

At block 2035, new average rate(s) of change of the
amount(s) of the material(s) in the second cell is (are) deter-
mined based on current amount(s) of the material(s) and a flux
in the second cell.

At block 2040, a third (set of) move rate(s) for materials in
the second cell is determined.

At block 2045, the average rate(s) of change of the
amount(s) of material(s) in the first cell is (are) determined
based on the third (set of) move rate(s) for materials in the
second cell.

At block 2050, the average rate(s) of change of the
amount(s) of material(s) in the second cell is (are) determined
based on the third (set of) move rate(s) for materials in the
second cell.

At block 2055, material(s) is (are) transferred at approxi-
mately the third (set of) move rate(s) from the second cell to
the first cell.

The method stops at block 2055.

Referring now to FIG. 21, an illustrative method 2100 is
provided for simulating and/or controlling a nuclear reactor.
As discussed elsewhere herein, neutron transport equations
may use cross sectional data for some or all of the materials in
the reactor. Method 2100 illustrates a non-limiting example
method that may have one or more of the following benefit. It
may reduce the computational burden, reduce the need for
exhaustive cross sectional data for each reaction for each
target particle across a spectrum of incident particle energies,
and/or improve accuracy of current methods. The method
2100 starts at a block 2105.

At block 2105, a neighbor to a principal material in a first
cell is selected. A principal material is a material of one or
more materials in a reactor or reactor cell that may be repre-
sented by an agent material. In an embodiment, principal
materials may be fission products (elements, isotopes, and/or
isomers of isotopes). A principal material might not be well-
characterized with respect to a microscopic property such as
microscopic cross sectional data. For example, some of the
cross sections for scattering, radiative capture, fission, etc.
reactions with neutrons of various energies may not be
known. Also, the principal’s information may be well-known,
but for other reasons (such as reducing computational bur-
den), the principal material may be represented by a neighbor
material which will act as an agent. The neighbor may be
selected from a plurality of agent materials. In an embodi-
ment, multiple neighbors may be selected from the plurality
of'agent materials to represent the principal material as agents
for more than one property. Agent materials are typically
well-characterized with regard to pertinent microscopic cross
sectional data. In an embodiment, agent materials are actual
materials (e.g, isotopes) with empirically determined micro-
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scopic quantities. In a further embodiment, agent materials
include one or more fictional materials. A fictional material is
essentially a collection of fictional values for various cross
sections and optionally other properties. A neighbor may be
chosen to act as the agent for the principal on one or more of
many criteria. Typically, a neighbor has microscopic proper-
ties such that a certain density of the neighbor will have
similar macroscopic properties as the existing density of the
principal. Thus, a neighbor may be selected to act as an agent
for the principal based on a comparison of microscopic prop-
erties of the principal to the microscopic properties of each of
the neighbors. Microscopic properties may be approximated
having one or more discrete values with respect to incident
particle (e.g., neutron) energy, or may be evaluated as a func-
tion of incident particle energy. In an embodiment, the selec-
tion of a neighbor or neighbors is limited to a selection from
one or more agent materials that are also fission products of
the fissions of one or more fissile materials. The fission prod-
ucts may further be limited to fissions induced by neutrons
and/or neutrons of certain energy levels. In an embodiment
further limiting the selection, potential neighbors may be
chosen from agent materials under the same “hump” as the
principal material of a fission yield curve (e.g., left curve
portion 912 or right curve portion 914 of fission yield curve
900 illustrated in FIG. 9). In an embodiment, the number of
potential principal materials is larger than the number of
agent materials. For example, the known fission product iso-
topes number in the thousands. In a further embodiment, the
number of agent materials is limited to a relatively small
number (e.g., under 100, 50, 30, or 20). In an embodiment, the
number of agent materials is limited to 12. In an embodiment,
this block is performed by exemplary method 2200 described
below.

At block 2110, a proxy amount of the selected neighbor or
neighbors is determined. As discussed above, a neighbor
might have microscopic properties such that a certain density
of the neighbor will have similar macroscopic properties as
the existing density of the principal. The proxy amount is the
amount or density (e.g., concentration) of the neighbor that
will serve to represent the principal in a given concentration.
As with microscopic properties, macroscopic properties may
be approximated as one or more discrete values or as a func-
tion of incident particle energy.

Atblock 2115, blocks 2105 and 2110 are repeated for each
of a plurality of principal materials in the first cell. In this
block, a neighbor or neighbors is/are selected to act as an
agent(s) for each of the plurality of principal materials (which
may or may not make up all of the materials in the cell). A
given agent material may be selected as a neighbor for more
than one principal material. Other agent materials may not be
selected to be any principal’s neighbor. Proxy amounts of
each agent are determined for each principal to which the
agent is a neighbor.

At block 2120, a summed proxy amount for each agent
material is determined. In this block, a total proxy amount of
each agent is determined based on the proxy amounts for each
neighbor of the agent material. For example, suppose an agent
material was selected to be the neighbor of three different
principal materials. After performance ofthe previous blocks,
the agent may have three proxy amounts (one for each prin-
cipal). In this block, a summed proxy amount is determined
based on the three proxy amounts (e.g., by summing them).

Atblock 2125, a flux in the first cell is determined based on
the summed proxy amounts of each agent material the first
cell. As described elsewhere herein, for example, a flux may
be determined by a transport calculation (e.g., solving neu-
tron transport equations to determine a neutron flux) and may
be further based on the summed proxy amounts of each agent
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material in one or more other cells. The flux may be approxi-
mated by one or more discrete values, or may be a continuous
function, thus describing a flux spectrum. The flux may be
space and/or energy dependent. The flux may be determined
by numerical analysis methods including Monte Carlo meth-
ods. The average rate of change of the flux may be a weighted
average (e.g., as determined by a Runge Kutta method or any
other method). The flux may be dependent upon the amount
of each of one or more materials in the first cell. Instead of
using the actual amounts (e.g., concentrations) of each mate-
rial in the cell, the calculation instead uses the summed proxy
amounts of each agent material. Thus, the cross sectional data
and concentrations of the principal materials are accounted
for in a flux determination (e.g., neutron transport calcula-
tions) by agents having proxy concentrations. In embodi-
ments where the number of agents is relatively small, the
computational burden may be reduced significantly.

Atblock 2130, an updated amount of one or more materials
(principal or agent) is determined based on the previous
amount of the materials and the flux (e.g., the estimated
average flux) in the first cell. The one or more materials may
be a subset of the materials in the cell. For example, updated
amounts may be determined by a transmutation calculation,
which may take into account production rates (e.g., based on
reactions rates such as fission rates) and decay rates (e.g.,
using decay constants). The updated amounts for the one or
more materials may be solved individually or simultaneously
(such as when coupled through transmutation equations). The
calculation may include calculating the updated amount
based on a specified length of time.

At block 2135, a control action for a nuclear reactor is
determined. As described above, the control action may be a
change (positive or negative) to a local neutronic reactivity of
a reactor using any neutron affecting or absorbing features
such as movement of neutron absorbing materials or fluids,
control rods, etc.; a change in one or more various flow rates
for any reason including but not limited to localized or overall
reactor power, e.g., the flow of heat absorbing material (e.g.,
coolant) through the reactor or portions of the reactor by
ordering changes in reactor coolant pump operation and/or
various valve positions in the reactor system, including but
not limited to reactor closures or reactor coolant shutoff
valves, steam shutoff valves, etc.; a change in one or more
breaker positions (e.g., reactor coolant pump power supply
breakers, steam turbine-generator output breakers, etc.); or
the like. Other control actions will be apparent to persons
skilled in the art based on the teachings herein. The deter-
mined control action may be displayed to a user.

At block 2140, a control action for the nuclear reactor is
performed. As described above, this performance may be
automatic or manual.

The method stops at block 2140.

Referring now to FIG. 22, an illustrative method 2200 is
provided for simulating and/or controlling a nuclear reactor.
In an embodiment, method 2200 is used to perform block
2105 above. The method 2200 starts at a block 2205.

At block 2205, a plurality of potential neighbors is identi-
fied. Continuing the description of block 2205, potential
neighbors may be limited to materials that are fission prod-
ucts of certain isotopes, perhaps induced by incident particles
of'a certain energy. In an embodiment, potential neighbors for
a given principal may be limited to fission products under the
same “hump” of a fission yield curve or curves as the princi-
pal. The fission yield curve of interest might be, for example,
the curve of one particular fissile material’s fission reaction or
the curves of multiple fission reactions in any combination of
incident particle energy and fissile material. Potential neigh-
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bors may also be limited to materials which are characterized
to the extent necessary to be suitable as agent materials. In an
embodiment, the plurality of potential neighbors for a given
principal is chosen by identifying some number (e.g., three)
of agent materials having atomic mass numbers (A) “most
similar” to that of the principal material. The “most similar”
decision may be restricted to agent materials having larger (or
smaller) atomic mass numbers. Also, the “most similar” deci-
sion may be forced to take at least one smaller and one larger
(in atomic mass number) agent material. Potential neighbors
having a microscopic cross section of zero or close to zero
may be ruled out in some embodiments.

At block 2210, a neighbor is selected from the plurality of
potential neighbors. Once a plurality of potential neighbors is
identified, one or more neighbors may be selected from the
plurality. In an embodiment, neighbors may be selected by
comparing one or more microscopic properties such as a
cross section. Thus, the number of comparisons needed to
select a neighbor is limited by the number of materials deter-
mined to be potential neighbors in block 2205.

The method stops at block 2210. In an embodiment, poten-
tial neighbors may be identified by comparing one or more
microscopic properties such as a cross section. Potential
neighbors having a microscopic cross section of zero or close
to zero may be ruled out in some embodiments.

Enhanced Neutronics Modeling

Now that illustrative embodiments of nuclear reactors and
reactor control and simulation have been discussed, including
movement and mapping of materials in nuclear reactors,
illustrative systems and methods associated with enhanced
neutronics modeling will now be discussed.

There are a wide variety of conventional codes in use for
simulation and modeling of nuclear reactor performance. Fast
reactor cross section processing codes include, for example,
ETOE-2, MC2-2, SDX. Diffusion and transport theory codes
include, for example, DIF3D, DIF3DK, VARIANT, and VIM.
Fuel cycle/depletion codes include, for example, REBUS-3,
RCT and ORIGEN-RA. Perturbation theory codes include,
for example, VARI3D. Thermal-hydraulic codes include, for
example, SE2-ANL (SUPERENERGY?2). Reactor dynamics
and safety analysis codes include, for example, SAS4 A, SAS-
SYS-1 and SAS-DIF3DK. Surveillance and diagnostics
codes include, for example, MSET and PRODIAG. Stochas-
tic, Monte-Carlo based neutronics modeling codes include,
for example, KENO, MONK and various versions of MCNP.

The enhanced neutronics modeling in the embodiments
described below allows for the creation, maintenance and
storage of a standardized set of data describing the state of a
nuclear reactor under input conditions established by an
operator. The state of the reactor is stored as an abstract
nuclear reactor model (ANRM). The abstract nuclear reactor
model can be created and maintained regardless of the par-
ticular mode of simulation employed by the enhanced neu-
tronics modeling scheme. Maintenance of an abstract nuclear
reactor model allows for a number of improvements over
conventional, and typically proprietary, neutronics modeling
schemes.

For example, standardized data reflecting the state of the
nuclear reactor allows the information to be easily accessed in
format understandable to programmers, modelers, and reac-
tor operators. Importantly, maintenance of an abstract nuclear
reactor model characterized with standardized data sets also
allows the ability to transform the data into a variety of data
structures useable in other, different neutronics modeling
schemes for verification. Enabling simple verification of neu-
tronics simulation results across multiple modeling programs
greatly improves reliability—an important feature, for
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instance, when attempting to secure funding for a multi-
billion dollar nuclear reactor project. Conventional analysis
typically does not allow the raw input data from one particular
modeling program to be readily used in another. Such verifi-
cation analysis has previously been hampered by a lack of a
standardized data format.

As illustrated, a wide variety of codes currently exist for
nuclear reactor simulation and modeling. Itis also not uncom-
mon for known code to form the basis for multiple, subse-
quent, proprietary versions. The result is a plethora of nuclear
reactor simulation and modeling programs. They are often
proprietary, and they have little or no known interoperability
or standardization. Further, the front end of conventional
modeling programs (i.e., the means by which the simulation
input conditions are described and generated) are typically
cumbersome and are within the capability of only the most
experienced users. Still further, verification of nuclear reactor
simulations, which requires substantially similar results
using different programs, is expensive, time consuming, and
(at worst) unreliable. This may be unacceptable when billion-
dollar investments hang in the balance. There is a need, there-
fore, for a modeling interface capable of creating standard-
ized data sets that can be used in creating and maintaining an
abstract nuclear reactor model. One novel simulation and
modeling interface will be described supporting determinis-
tic-type modeling.

A Deterministic Modeling Interface

One exemplary enhanced neutronics modeling scheme
employs a modeling interface for deterministic neutronics
modeling. As noted above, an exemplary deterministic mod-
eling program is REBUS-3. REBUS-3 is a system of codes
designed for the analysis of reactor fuel cycles. Two basic
types of problems are typically solved by REBUS-3: 1) the
infinite-time, or equilibrium, conditions of a nuclear reactor
operating under a fixed fuel management scheme; or, 2) the
explicit cycle-by-cycle, or nonequilibrium operation of a
reactor under a specified periodic or non-periodic fuel man-
agement program. For the equilibrium type problems, the
code uses specified external fuel supplies to load the reactor.
Optionally, reprocessing may be included in the specification
of'the external fuel cycle and discharged fuel may be recycled
back into the reactor. For non-equilibrium cases, the initial
composition of the reactor core may be explicitly specified or
the core may be loaded from external feeds and discharged
fuel may be recycled back into the reactor as in equilibrium
problems.

A novel modeling interface is described that analyzes
received reactor modeling data and nuclear reactor simulation
data to create and maintain an abstract nuclear reactor model
(ANRM).

By way of illustration, FIG. 23 shows a nuclear reactor
modeling system 2300 comprising of a modeling interface
2310, nuclear reactor modeling data 2320, simulation data
2340, and a database 2360. The modeling data 2320 further
includes a plurality of data types 2330-1 to 2330-n. For
example, the modeling data 2320 may include nuclear reactor
material data 2330-1, geometry data 2330-2 of a portion of
the nuclear reactor model or nuclear reactor performance data
2330-7 or some portion thereof.

In an embodiment, the nuclear reactor material data 2330-1
may include fuel data, structural data, shielding data, coolant
data, isotope data, moderator data, and cycle load data. In an
embodiment, the nuclear reactor performance data 2330-»
may relate to fuel cell swelling, fuel depletion, fission product
removal, coolant expulsion and fission gas removal for all, or
a portion, of the nuclear reactor under simulation.
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The simulation data 2340 is generated by one or more
simulators 2350-1 to 2350-». For example, the simulators
could include a neutronics simulator 2350-1, a fuel burn
simulator 2350-2, or a thermal hydraulic simulator 2350-7.
The simulation data 2340 may also be generated by a material
performance simulator, a thermal simulator or an atomistic
simulator. In an embodiment, the neutronics simulator
2350-1 is a stochastic simulation tool. In a further embodi-
ment, the stochastic simulation tool is based on a Monte Carlo
N-Particle transport code (MCNP) simulation tool. In an
embodiment, the neutronics simulator 2350-1 may also be a
deterministic simulation tool. For example, the deterministic
simulation tool is a REBUS simulation tool. In an embodi-
ment, the neutronics simulator 2350-1 interacts with the fuel
burn simulator 2350-2 to iteratively produce time dependent
nuclear reactor simulation data.

The modeling interface 2310 receives the modeling data
2320 as input, sends the modeling data 2320 to any number of
simulators 2350-1 to 2350-», and receives the output simula-
tion data 2340. In an embodiment, the modeling interface
2310 builds an abstract nuclear reactor model (ANRM) 2362
from analyzing both the modeling data 2320 and the simula-
tion data 2340. In an embodiment, the simulation data 2340
may include embedded metadata added by the simulators
2350-1 to 2350-» to determine an additional state of the
ANRM 2362. The ANRM 2362 is made up of homogenized
assemblies which are made up of axial blocks as will be
discussed in further detail. The ANRM 2362 is stored in
database 2360 for either subsequent analysis or viewing by
the user. In an embodiment, the modeling interface 2310
standardizes the data representing the ANRM 2362 defining
structural, behavioral or creational patterns in an object ori-
entated program environment that are sufficient to describe a
certain state of the ANRM 2362 as will be discussed in further
detail. In an embodiment, once the ANRM 2362 has been
created, the modeling interface 2310 may run subsequent
cycles, perform safety coefficient generation, run other
coupled physics codes (such as thermal hydraulics or fuel
performance) and/or produce succinct summaries.

As previously mentioned, the modeling interface 2310
uses an object orientated programming environment to build
the ANRM 2362 based on inputted data. Inan example, object
orientated programs include data structures or classes
wherein each instance of the class is an object. Various func-
tions can be called upon to retrieve, modify, or add data to
each object. Examples of commonly used object orientated
programs include C++, Python, and Java.

By way of illustration, FIG. 24A shows the fundamental
class structure 2400 of the modeling interface 2410. The class
structure 2400 comprises: a main operator 2410, a nuclear
reactor data structure 2420, an assembly level 2430 compris-
ing of individual assembly structures 2440, and a block level
2450 comprising of individual block structures 2460. Refer-
ring to FIG. 24B, in an embodiment, each block structure
2460 is geometrically arranged within an assembly structure
2440. In an embodiment, each block structure 2460 includes
one or more material variables. For example, the material
variables can include density, flux, power, temperature, and
flow. Referring to F1G. 24C, in an embodiment, a single block
structure 2460 may include a plurality of locations 2470 for
which material variables are stored.

The main operator 2410 reads all inputs and builds the
ANRM 2362 which is the nuclear reactor data structure 2420
in a certain state. In an embodiment, the main operator 2410
may modify the input by adding metadata for use in deter-
mining a first or additional state of the ANRM 2362. In an
embodiment, the main operator 2410 further controls and
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processes typical multi-cycle coupled simulations, fuel per-
formance lookups, history tracking, summary making, fuel
management, database interaction and restarts.

The nuclear reactor data structure 2420 contains the state
of the reactor at any given time. The nuclear reactor data
structure 2420 comprises, for example, one or more assembly
structures 2440. Data regarding the state of the reactor at any
time can be stored in the database 2360. In an embodiment,
the nuclear reactor data structure 2420 could further comprise
a spent fuel pool structure (not shown). In an embodiment, the
nuclear reactor data structure 2420 could further comprise a
fuel handling machine structure (not shown).

An assembly structure 2440 comprises one or more block
structures 2460. The history of an assembly structure 2440 is
produced at the end of the building of the ANRM 2362. The
history summary may be Lagrangian in nature, following a
specific assembly through its path. In an embodiment, an
assembly structure 2440 can act like a list and be iterated over
or indexed.

A block structure 2460 contains the majority of the simu-
lation data and material variables. The histories of both the
block structure 2460 and each location 2470 within the block
structure 2460 are produced at the end of the building of the
ANRM 2362. The history summary of the block structure
2460 may also be Lagrangian in nature while the history
summary of the location 2470 within the block structure 2460
may be Eulerian, which is focused on a specific spatial loca-
tion as assemblies pass through it.

Referring now to FIG. 25, an example of a file 2500 to be
received by the modeling interface 2310 as input modeling
data 2320 is displayed. In an embodiment, the file contains
geometry descriptions and locations of each assembly and
specifies composition labels of the assemblies that corre-
spond to nuclide-level loading labels. For example, file 2500
shows a reactor 2510 that includes three exemplary assem-
blies, P0001, E0002, and E0003. Each assembly is shown to
further include exemplary composition and geometry data for
each block within the assembly. In an embodiment, the file is
written in an XML format. Other textual data formats may be
used to input modeling data, for example, XHTML, RSS,
Atom, and KML.

Referring now to FIG. 26, an example of an input graphical
user interface (GUI) 2600 used to input modeling data 2320 to
the modeling interface 2310 is displayed. In an embodiment,
the input GUI 2600 further allows the user to choose which
simulators to use and the parameters for each simulation. In
an embodiment, the input GUI 2600 includes a plurality of
tabs which allow the user to input various parameters. For
example, the tabs may include a simulation parameter tab
2610, a reactor parameter tab 2620, a safety calculation tab
2630, a REBUS settings tab 2640, an MCNP tab 2650, a fuel
management tab 2670, and a tab for other settings 2660. In an
example, the fuel management tab 2670 may include param-
eter fields regarding how to move and organize the fuel rods
around at each cycle. A new job designed to create the ANRM
2362 may be executed from the exemplified input GUI 2600.

The code that makes up the entirety of the modeling inter-
face 2310 can be divided into subgroups of functions. For
example, the subgroups may include components, modules,
and external code interfaces. Table 1 below displays a listing
of at least some of the exemplary components included in the
code of the modeling interface 2310. In an embodiment, the
components contain the basic ANRM 2362 which include the
block structures 2660 and the assembly structures 2640. The
bulk of the modeling interface code is included in the com-
ponents.
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TABLE 1

Exemplary listing of modeling interface components

Name Description

assemblies.py Contains Assembly class and many subclasses

that deal with Assembly level methods.

assemblyLists.py Contains AssemblyList classes that are useful
for tracking assemblies that change or
discharge from the core.
blocks.py Contains Block class and all its methods.
database.py Contains Database and Database borg objects that
interface with the SQL database for data persistence.
fuelHandlers.py Contains FuelHandler object and code relevant
to moving fuel around the reactor.
operatorFactory.py ~ Contains compositions of the overall main classes.
This is where to import from to run a full
modeling interface case.
historyTracker.py Contains Historylnterface that tracks block and

assembly parameters for requested blocks and
assemblies. Produces reports of these objects

as they move through the core.

Contains the base class for all Interfaces.
Contains code that can read ISOTXS binary
libraries and other such things like SPECTR, etc.
Location object code and subclasses. Location
objects tell assemblies and blocks where they
are in terms of rows/positions, coordinates,
indices, etc. Can also find symmetric identicals.

interfaces.py
library.py

locations.py

armilog.py Performs logging operation to print to
the standard output.
nucDirectory.py Contains nuclide data like atomic mass,

density, Z number, etc.

Contains the main loop and main operators that
coordinate most of the modeling interface code.
Contains code that allows many similar cases

with a few parameters to be submitted sequentially
for parameter search studies.

operators.py

paramSearch.py

reactors.py Contains the Reactor class, defining the main
object that holds the assembly objects

settings.py Contains the case settings object that travels around
with all the global settings like power level, etc.

skeletallnputs.py Contains large amounts of input that are copied

directly or slightly modified into MC**2/REBUS
inputs such as burn chains and fission product yields.
Controls sodium bond removal fuel

performance coupling.

sodiumRemoval.py

submitter.py The GUI modeling interface Submission Control
Program. Click this to start a modeling interface run.
summarizer.py An interface that produces useful summaries
during a run.
twr_shuffle.py Handles input parameters and instantiates the
proper operator.
Utils.py Contains some basic utilities like file cleaning
and list searching

Table 2 below displays a table with a listing of at least some
of'the exemplary modules included in the modeling interface
code. In an embodiment, the modules contain code that adds
physics to the modeling interface 2310 using internal codes.
In an example, the thermo module adds temperatures and flow
rates to a model that already has power and flux. In another
example, the safety coefficient generator module runs the
modeling interface in a manner that produces reactivity coef-
ficients.

TABLE 2

Exemplary listing of modeling interface modules

Name Description

erWorth.py Contains code with specialized operator that inserts
control rods and produces control rod worth curves.
Contains code that can modify assemblies as a
reprocessing plant would, flipping them,

refining them, etc.

reprocessing.py
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TABLE 2-continued

Exemplary listing of modeling interface modules

Name Description

safetyCoefficients.py
waveBuilder.py

The safety coefficient generator.

Contains logic that, given an equilibrium case, will
try to build enrichment distribution that matches it,
building the wave in place, if you will.
Thermal-hydraulic model that adds flow orificing
and temperature distributions to the modeling
interface state after power has been computed.

thermo.py

Table 3 below displays a listing of at least some of the
exemplary external code interfaces included in the modeling
interface code. In an embodiment, the external code inter-
faces are the links between the modeling interface 2310 and
the simulators 2350-1 to 2350-x. Examples of simulator pro-
grams include, but are not limited to, REBUS, SASSYS,
SUPERENERGY, and FEAST. In an embodiment, the exter-
nal code interfaces may be called upon by the main operator
2610.

TABLE 3

Exemplary listing of modeling interface external code interfaces

Name Description

Interfaces with the REBUS using fast
equilibrium search capabilities built into
REBUS. Can get equilibrium state much

faster than running many explicit cycles.
Extracts FEAST relevant fuel performance
information from MCNPXT r files.

Interacts with modeling interface to extract
fluxes, powers, etc, and builds FEAST input
files for selected assembles. Can also run FEAST.
Allows modeling interface to create
MCNP/MCNPXT inputs with shuffling. This
contains ability to make homogenized hexes/
triangles and pin-detail models.

Interacts with POVRay ray tracer to produce
high-quality 3-D plots of the core.

Contains subclasses of Operator and Reactor,
etc. that has specific functionality tied to REBUS
and MC**2. This produces the inputs, runs

the codes, and calls the output-reading classes.
Contains the classes that can read and abstract
REBUS related output files.

Contains an interface and Input Writers/Output
Readers for SASSYS transient analysis code.
Interacts with SuperEnergy to produce more
detailed thermal hydraulic information.

eqRebusInterface.py

feastExtract.py

feastInterface.py

menpInterface.py

povRaylnterface.py

rebusInterface.py

rebusOutputs.py
sassysInterface.py

superEnergyInterface.py

Referring now to FIG. 27, an example of an output GUI
2700 is displayed for multi-dimensional visualization of the
current state of the ANRM 2362 stored in the database 2360.
In an embodiment, the exemplary GUI 2700 can be used to
read the material variables from any block structure 2660
stored in the database 2360 in an explorable manner. In an
embodiment, the exemplary GUI can be used to interact in
real time with the abstract nuclear reactor model by either
modifying/receiving the modeling data 2320 or directing the
analysis of the modeling data 2320 and the simulation data
2340. For example, a block level view 2710 is displayed
whereby a user may obtain data from each location 2720
within the block structure 2660. It can be appreciated that
more than one level within the ANRM 2362 can be viewed
simultaneously as exemplified by the multiple view windows
depicted in FIG. 27.

Referring now to FIG. 28, an illustrative method 2800 is
provided for maintaining and standardizing an abstract data
model. The method 2800 starts at block 2810.
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At block 2810, modeling data which represents a first part
of'a system is received. For example, the modeling data may
include nuclear reactor material data, geometry data of a
portion of the nuclear reactor model or nuclear reactor per-
formance data or some portion thereof, as fully described
above. In an example, the modeling data may be received by
a file. The exemplary file can contain geometry descriptions
and locations of each assembly and specify composition
labels of the assemblies that correspond to nuclide-level load-
ing labels, as fully described above. In an embodiment, each
assembly can be shown to further include exemplary compo-
sition and geometry data for each block within the assembly.

Inembodiments, the file may written in an XML format. As
previously noted, other textual data formats may be used to
input modeling data, for example, XHTML, RSS, Atom, and
KML. In another example the modeling data can be received
through a GUI. In an embodiment, the GUI can include a
plurality of tabs which allow the user to input various param-
eters.

Atblock 2820, simulation data from a simulator capable of
simulating a first part of the system from a first set of simu-
lation parameters is received. As described above, examples
of simulators can include a neutronics simulator, a fuel burn
simulator, a thermal hydraulic simulator, a material perfor-
mance simulator, a thermal simulator or an atomistic simula-
tor.

At block 2830, the modeling data and the simulation data
are analyzed. In an embodiment, the analysis is performed by
the modeling interface. At block 2840, intermediate data is
generated representing a second part of the system. In an
embodiment, the intermediate data is generated by the mod-
eling interface. In an embodiment, the intermediate data rep-
resents a state of a nuclear reactor determined by the analysis
of the modeling data and simulation data collected by the
modeling interface.

At block 2850, an abstract data model representing a cer-
tain system state and characterized by the modeling data,
simulation data, and intermediate data is maintained. In an
embodiment, the abstract data model is stored in a nuclear
reactor data structure, as previously discussed, further com-
prising of assembly structures and block structures.

At block 2860, the data representing the system state is
standardized. In an embodiment, the standardized data con-
tains defined structural, behavioral or creational patterns in an
object orientated program environment that are sufficient to
describe a certain state of the abstract data model. At block
2870, the data is exported to a database. In an embodiment,
the data can be maintained for subsequent system analysis
once it has been exported to the database. In an example, the
subsequent system analysis may include running subsequent
cycles, performing safety coefficient generation, running
other coupled physics codes (such as thermal hydraulics or
fuel performance) and/or producing succinct summaries. In
another embodiment, the data may be viewed by the user as
previously discussed.

Referring now to FIG. 29, an illustrative method 2900 is
provided for controlling a nuclear fission reactor. It will be
appreciated that the nuclear fission reactor controlled by the
method 2900 may be any nuclear fission reactor as desired,
such as without limitation any of the illustrative nuclear fis-
sion reactors described above.

Referring additionally to FIG. 10, it will also be appreci-
ated that the method 2900 suitably may implemented as com-
puter-readable code executed on a suitable computer, such as
the computer system 1000. In this embodiment, the computer
system 1000 is coupled to the Reactor Control System 1030.
As discussed above, the Reactor Control System 1030 may be
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directly interfaced to the communications infrastructure 1006
as shown in the figure, or the Reactor Control System 1030
may also be interfaced via communications interface 1024 or
communications interface 1024 and communications path
1026, as desired for a particular application. Details of the
Reactor Control System 1030 are discussed above and need
not be repeated for an understanding.

The method 2900 starts at block 2910. At block 2910,
modeling data which represents a first part of a system is
received. For example, the modeling data may include
nuclear reactor material data, geometry data of a portion of
the nuclear reactor model or nuclear reactor performance data
or some portion thereof, as fully described above. In an
example, the modeling data may be received by a file. The
exemplary file can contain geometry descriptions and loca-
tions of each assembly and specify composition labels of the
assemblies that correspond to nuclide-level loading labels, as
fully described above. In an embodiment, each assembly can
be shown to further include exemplary composition and
geometry data for each block within the assembly.

In embodiments, the file may written in an XML format. As
previously noted, other textual data formats may be used to
input modeling data, for example, XHTML, RSS, Atom, and
KML. In another example the modeling data can be received
through a GUI. In an embodiment, the GUI can include a
plurality of tabs which allow the user to input various param-
eters.

Atblock 2920, simulation data from a simulator capable of
simulating a first part of the system from a first set of simu-
lation parameters is received. As described above, examples
of simulators can include a neutronics simulator, a fuel burn
simulator, a thermal hydraulic simulator, a material perfor-
mance simulator, a thermal simulator or an atomistic simula-
tor.

At block 2930, the modeling data and the simulation data
are analyzed. In an embodiment, the analysis is performed by
the modeling interface. At block 2940, intermediate data is
generated representing a second part of the system. In an
embodiment, the intermediate data is generated by the mod-
eling interface. In an embodiment, the intermediate data rep-
resents a state of a nuclear reactor determined by the analysis
of the modeling data and simulation data collected by the
modeling interface.

At block 2950, an abstract data model representing a cer-
tain system state and characterized by the modeling data,
simulation data, and intermediate data is maintained. In an
embodiment, the abstract data model is stored in a nuclear
reactor data structure, as previously discussed, further com-
prising of assembly structures and block structures.

At block 2960, the data representing the system state is
standardized. In an embodiment, the standardized data con-
tains defined structural, behavioral or creational patterns in an
object orientated program environment that are sufficient to
describe a certain state of the abstract data model. At block
2970, the data is exported to a database. In an embodiment,
the data can be maintained for subsequent system analysis
once it has been exported to the database. In an example, the
subsequent system analysis may include running subsequent
cycles, performing safety coefficient generation, running
other coupled physics codes (such as thermal hydraulics or
fuel performance) and/or producing succinct summaries. In
another embodiment, the data may be viewed by the user as
previously discussed.

At a block 2980, the data is provided to a reactor control
system, such as the Reactor Control System 1030. For
example, as described above, in an embodiment, the Reactor
Control System 1030 may be directly interfaced to the com-
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puter system 1000 via the communications infrastructure
1006 as shown in FIG. 10, or the Reactor Control System
1030 may also be interfaced via communications interface
1024 or communications interface 1024 and communications
path 1026, as desired for a particular application. It will be
appreciated that, regardless of how the interface between the
Reactor Control System 1030 and the computer system 1000
is implemented, the result is that the standardized data is
provided from the database 2360 (FIG. 23) to the Reactor
Control System 1030.

The Reactor Control System 1030 may use the provided
data to control parameters of the controlled nuclear fission
reactor (not shown) as desired, dependent upon the system
state of the reactor described in the standardized data and the
actual state of the controlled nuclear fission reactor (not
shown).

For example, in an embodiment the Reactor Control Sys-
tem 1030 may be implemented as the control system 720
(FIG. 7A) and may determine appropriate corrections (posi-
tive or negative) to a local neutronic reactivity of the con-
trolled nuclear fission reactor (e.g., to return the controlled
nuclear fission reactor to a desired operating parameter, such
as desired local temperatures during reactor operations at
power) in response to the provided data. To that end, the
Reactor Control System 1030 may generate a control signal
(e.g., control signal 724) indicative of a desired correction to
local neutronic reactivity.

In another embodiment, the Reactor Control System 1030
may also control other neutron affecting or absorbing fea-
tures, such as control rods and/or safety rods, to control and/or
shut down the controlled nuclear fission reactor as desired, in
response to the provided data.

In another embodiment, in response to the provided data
the Reactor Control System 1030 may also generate control
signals to order changes in various flows, e.g., the flow of heat
absorbing material (e.g., coolant) through the reactor or por-
tions of the controlled nuclear fission reactor by ordering
changes in reactor coolant pump operation and/or various
valve positions in the reactor system, including but not lim-
ited to reactor closures or reactor coolant shutoff valves,
steam shutoff valves, etc. In an embodiment, the Reactor
Control System 1030 may also order changes in breaker
positions (e.g., reactor coolant pump power supply breakers,
steam turbine-generator output breakers, etc.).

In some embodiments, the Reactor Control System 1030
may have temperature inputs (e.g., control system 720 receiv-
ing input from temperature detectors 710) in addition to neu-
tron detectors (e.g., to sense neutron flux to determine reactor
power or local reactor power at a portion of the core), and flow
and position detectors (e.g., venturi-type flow detectors, valve
position indicators, breaker position indicators). In such
embodiments, in response to the provided data the Reactor
Control System 1030 may control the flow of heat absorbing
material (e.g., coolant) through the reactor and/or portions of
the reactor to control overall temperatures and local tempera-
tures in response to overall reactor thermal power and/or local
reactor thermal power.

In some embodiments the Reactor Control System 1030
may also provide operator indications and accept operator
inputs. In such embodiments, the Reactor Control System
1030 receives the provided data, monitors reactor operations,
may provide some automatic control features (such as chang-
ing flow rates and moving control rods or otherwise position-
ing neutron affecting or absorbing materials, which are
described in more detail elsewhere herein), displays opera-
tional parameters, accepts and executes operator inputs for
manual control actions, and/or provides to an operator infor-
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mation indicative of actions (either taken automatically or
recommended for manual execution by the operator) based
upon operational data from the controlled nuclear fission
reactor and the data received from the computer system 1000.

CONCLUSION

With respect to the use of substantially any plural and/or
singular terms herein, those having skill in the art can trans-
late from the plural to the singular and/or from the singular to
the plural as is appropriate to the context and/or application.
The various singular/plural permutations are not expressly set
forth herein for sake of clarity.

While particular aspects of the present subject matter
described herein have been shown and described, it will be
apparent to those skilled in the art that, based upon the teach-
ings herein, changes and modifications may be made without
departing from the subject matter described herein and its
broader aspects and, therefore, the appended claims are to
encompass within their scope all such changes and modifica-
tions as are within the true spirit and scope of the subject
matter described herein. Furthermore, it is to be understood
that the claimed subject matter is defined by the appended
claims. It will be understood by those within the art that, in
general, terms used herein, and especially in the appended
claims (e.g., bodies of the appended claims) are generally
intended as “open” terms (e.g., the term “including” should
be interpreted as “including but not limited to,” the term
“having” should be interpreted as “having at least,” the term
“includes” should be interpreted as “includes but is not lim-
ited to,” etc.). It will be further understood by those within the
art that if a specific number of an introduced claim recitation
is intended, such an intent will be explicitly recited in the
claim, and in the absence of such recitation no such intent is
present. For example, as an aid to understanding, the follow-
ing appended claims may contain usage of the introductory
phrases “at least one” and “one or more” to introduce claim
recitations. However, the use of such phrases should not be
construed to imply that the introduction of a claim recitation
by the indefinite articles “a” or “an” limits any particular
claim containing such introduced claim recitation to claims
containing only one such recitation, even when the same
claim includes the introductory phrases “one or more” or “at
least one” and indefinite articles such as “a” or “an” (e.g., “a”
and/or “an” should typically be interpreted to mean “at least
one” or “one or more”); the same holds true for the use of
definite articles used to introduce claim recitations. In addi-
tion, even if a specific number of an introduced claim recita-
tion is explicitly recited, those skilled in the art will recognize
that such recitation should typically be interpreted to mean at
least the recited number (e.g., the bare recitation of “two
recitations,” without other modifiers, typically means at least
two recitations, or two or more recitations). Furthermore, in
those instances where a convention analogous to “at least one
of' A, B, and C, etc.” is used, in general such a construction is
intended in the sense one having skill in the art would under-
stand the convention (e.g., “a system having at least one of A,
B, and C” would include but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and C
together, B and C together, and/or A, B, and C together, etc.).
In those instances where a convention analogous to “at least
oneof A, B, or C, etc.” is used, in general such a construction
is intended in the sense one having skill in the art would
understand the convention (e.g., “a system having at least one
of'A, B, or C” would include but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and C
together, B and C together, and/or A, B, and C together, etc.).
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It will be further understood by those within the art that
virtually any disjunctive word and/or phrase presenting two
or more alternative terms, whether in the description, claims,
or drawings, should be understood to contemplate the possi-
bilities of including one of the terms, either of the terms, or
both terms. For example, the phrase “A or B” will be under-
stood to include the possibilities of “A” or “B” or “A and B.”
With respect to the appended claims, those skilled in the art
will appreciate that recited operations therein may generally
be performed in any order. Examples of such alternate order-
ings may include overlapping, interleaved, interrupted, reor-
dered, incremental, preparatory, supplemental, simultaneous,
reverse, or other variant orderings, unless context dictates
otherwise. With respect to context, even terms like “respon-
sive to,” “related to,” or other past-tense adjectives are gen-
erally not intended to exclude such variants, unless context
dictates otherwise.

The herein described subject matter sometimes illustrates
different components contained within, or connected with,
different other components. It is to be understood that such
depicted architectures are merely exemplary, and that in fact
many other architectures may be implemented which achieve
the same functionality. In a conceptual sense, any arrange-
ment of components to achieve the same functionality is
effectively “associated” such that the desired functionality is
achieved. Hence, any two components herein combined to
achieve a particular functionality can be seen as “associated
with” each other such that the desired functionality is
achieved, irrespective of architectures or intermedial compo-
nents. Likewise, any two components so associated can also
be viewed as being “operably connected”, “operatively
coupled,” or “operably coupled,” to each other to achieve the
desired functionality, and any two components capable of
being so associated can also be viewed as being “operably
couplable,” to each other to achieve the desired functionality.
Specific examples of operably couplable include but are not
limited to physically mateable and/or physically interacting
components, and/or wirelessly interactable, and/or wirelessly
interacting components, and/or logically interacting, and/or
logically interactable components.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art. The various aspects and embodi-
ments disclosed herein are for purposes of illustration and are
not intended to be limiting, with the true scope and spirit
being indicated by the following claims.

What is claimed is:

1. A nuclear reactor modeling system comprising: a mod-
eling interface configured to:

determine standardized modeling data of an abstract

nuclear reactor model representing a nuclear reactor
core, the standardized nuclear reactor modeling data
includes a nuclear reactor data structure including a
plurality of assembly structures, each assembly struc-
ture representative of a physical component that is
present in the nuclear reactor model, two or more of the
assembly structures representing fuel assemblies of the
nuclear reactor, each fuel assembly structure including a
plurality of block structures representative of axially
distributed blocks of the fuel assembly of the nuclear
reactor core, at least one block structure of the plurality
of block structures of the fuel assembly structure
includes material data and location, the material and
location data representative of fuel pin material and
location within the fuel assembly of the nuclear reactor
core, at least one fuel pin material of a first fuel assembly
structure being different from a second fuel pin material
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of a second fuel assembly structure, one or more of the
assembly structures representative of control rods of the
nuclear reactor, and one or more of the assembly struc-
tures representative of a structure of a fuel assembly
receptacle of the nuclear reactor core:

converting the standardized modeling data of the abstract
nuclear reactor model to nuclear reactor modeling data
defining a nuclear reactor model modelling the nuclear
reactor core, the nuclear reactor modeling data including

aplurality of cell data for a plurality of cells of the nuclear
reactor model, each cell defined by one or both of bound-
ing of surfaces and regions of space, each cell data
including a physical location, a material identifier, and a
geometry of the associated cell of the nuclear reactor
model,

nuclear reactor performance data including fuel cell swell-
ing and fuel depletion, and

nuclear material data including cycle load data;

a simulator including a plurality of simulator modules
including a neutronics simulator module, a fuel burn
simulator module, a thermal hydraulics simulator mod-
ule, and a material performance simulator module, the
simulator coupled to the modeling interface and config-
ured to generate simulation data for the modeling inter-
face, the neutronics simulator module interacting with
the fuel burn simulator module, the thermal hydraulics
simulator module and the material performance simula-
tor moduleto iteratively produce time dependent nuclear
reactor simulation of at least a portion of the nuclear
reactor simulation data for the modeling interface;

the modeling interface configured to:

selectively and iteratively send the nuclear reactor model-
ing data to one or more selected simulator modules of the
simulator to generate nuclear reactor simulation data;

receive the nuclear reactor simulation data including

neutronics data, fuel burn data, thermal hydraulics data,
material performance data;

analyze and update the nuclear reactor modeling data and
the simulation data to maintain updated nuclear reactor
modeling data that represents a new state of the nuclear
reactor; and

standardize the updated nuclear reactor modeling data to
create updated standardized modeling data of the
abstract nuclear reactor model to represent an updated
state of the nuclear reactor core for export to a database,
the updated standardized modeling data further includes
one or more variables including at least one of the group
comprising density, flux, power, and flow, wherein stan-
dardizing includes defining structural and behavioral
patterns in an object oriented environment that are suf-
ficient to describe a state of the nuclear reactor model at
an identified moment in time;

a database, coupled to the modeling interface, and config-
ured to receive the standardized data, whereby the stan-
dardized data is maintained for subsequent analysis.

2. The system of claim 1, wherein the plurality of assembly
structures includes one or more assemblies representing
shielding of the nuclear reactor core.

3. The system of claim 1, wherein the standardized mod-
eling data is received from a file.

4. The system of claim 1, wherein the standardized mod-
eling data is received via a graphical user interface.

5. The system of claim 1, wherein the nuclear reactor
performance data relates to fission product removal.

6. The system of claim 5, wherein the nuclear reactor
performance data further relates to coolant expulsion.
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7. The system of claim 5, wherein the nuclear reactor
performance data relates to fission gas removal.

8. The system of claim 1, wherein the neutronics simulator
module includes a stochastic simulation tool.

9. The system of claim 8, wherein the stochastic simulation
tool is based on a Monte Carlo N-Particle transport code
(MCNP) simulation tool.

10. The system of claim 1, wherein the neutronics simula-
tor module includes a deterministic simulation tool.

11. The system of claim 10, wherein the deterministic
simulation tool is a REBUS simulation tool.

12. The system of claim 1, wherein the modeling interface
is configured to determine and maintain the standardized
modeling data of the abstract nuclear reactor model in an
object oriented programming environment.

13. The system of claim 12, wherein the standardizing step
further comprises defining creational patterns in the object
oriented environment.

14. The system of claim 1 further comprising a data viewer
coupled to the database that enables multi-dimensional visu-
alization of the standardized data representing the nuclear
reactor core.

15. The system of claim 1 further comprising a graphical
user interface (GUI) coupled to the modeling interface, the
GUI receives the standardized modeling data;

and the modeling interface, in determining the standard-
ized modeling data, receives the standardized modeling
data from the GUL

16. The system of claim 15, wherein the GUI includes a
graphics menu wherein a user can select models that repre-
sent a nuclear reactor fuel assembly structure, or a block
representing an axial portion of the fuel assembly structure.

17. The system of claim 15 further comprising a graphical
user interface (GUI) wherein the GUI is used to review a
current state of the abstract nuclear reactor.

18. The system of claim 17, wherein the GUI is configured
to interact with the abstract nuclear reactor model by modi-
fying or supplementing the standardized modeling data.

19. The system of claim 1 further comprising:

a communications interface coupled to the database and a
reactor control system and configured to provide the
standardized data to the reactor control system.

20. The system of claim 1, wherein the material identifier
of the cell data includes material characteristics and amount
of' material of the at least one material of the associated cell of
the nuclear reactor model, the cell data being heterogeneous
for the plurality of cells of the nuclear reactor model.

21. The system of claim 20, wherein the simulator deter-
mines an average rate of change of the amount of material of
the cell.

22. The system of claim 21, wherein the simulator updates
the cell data based at least in part on the average rate of change
of the amount of material of the cell.

23. The system of claim 22, wherein the simulator includes
a deflagration wave builder module that receives an equilib-
rium case of neutronic activity and builds an enrichment
distribution over a plurality of fuel assemblies to achieve a
desired deflagration wave and determines at least one move
quantity of the amount of material of the cell, and updates the
cell data based at least in part on the move quantity.

24. The system of claim 1, wherein the simulator includes
a control rod module that simulates insertion and removal of
control rods and produces control rod worth curves.

25. The system of claim 1, wherein the simulator includes
a deflagration wave builder module that receives an equilib-
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rium case of neutronic activity and builds an enrichment
distribution over a plurality of fuel assemblies to achieve a
desired deflagration wave.

26. The system of claim 1, wherein the thermal hydraulic
module determines flow orificing and temperature distribu-
tions across a plurality of cells.

27. The system of claim 19, wherein the reactor control
system controls neutron absorption assemblies of the nuclear
reactor core in response to the standardized data.

28. The system of claim 19, wherein the reactor control
system controls flows of fluids through the nuclear reactor
core in response to the standardized data.

29. The system of claim 1, wherein the at least one fuel pin
material includes a first material for a first block of the first
fuel assembly structure and a third and different fuel pin
material for a second block of the first fuel assembly struc-
ture.
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